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Outline of the thesis 
This thesis describes the development of methods that may be used for 
monitoring of occupational exposure to diesel exhaust. The general introduction 
to the theme of the work can be found in Chapter 1. In section 1.1 a chemical 
characterization of the mixture of diesel engine-derived incomplete combustion 
products is presented. Factors determining the appearance and abundance of 
diesel soot particles and the soluble organic fraction, such as engine type and 
fuel characteristics, are described. The origin of polycyclic aromatic 
hydrocarbons and their derivatives is discussed. In section 1.2 current 
knowledge on the toxicological aspects of diesel exhaust is reviewed. Because 
this part of the thesis was concluded in 1991 (and published in 1992) additions 
were made to account for recent progress in research in 1992-1993. Attention 
is payed to acute and chronic effects. Emphasis is given to the carcinogenic 
properties of the exhaust mixture and possible mechanisms of action involved. 
A possible role of the particles and the adsorbed organics is discussed. The 
diesel exhaust toxicity is compared to the toxicity of gasoline exhaust. A survey 
is given of studies on occupational exposure and exposure of the general 
public. Previously published risk estimates are presented and discussed. 
Chapter 2 deals with methods that can be used for the identification and 
quantitation of airborne diesel exhaust-derived contaminants on the workplace 
(environmental monitoring). Chemical substances may be used as indicators for 
source apportionment or markers for toxicity (section 2.1). A short-term in vitro 
bioassay may be used for (semi)quantitative determination of the mutagenic 
potency of diesel exhaust-derived airborne contaminants (section 2.2). In this 
part results are presented that support the use of 1-nitropyrene as a marker for 
the mutagenic activity of diesel exhaust particulate extracts. 
In Chapter 3 the development of methods for the determination of diesel 
exhaust-derived metabolites in biological samples is described. The application 
of new Salmonella typhimurium strains for the detection of urinary metabolites 
of nitroarenes is investigated (section 3.1). An immunoassay is presented as a 
method that may be used to track down persons with high occupational 
exposure to diesel exhaust (sections 3.2 and 3.3). 
The possibilities for measurement of early biological effects are explored 
in Chapter 4. A method for the determination of hemoglobin adducts is 
presented in section 4 . 1 . This method was used to investigate the role of the 
intestinal microflora in the formation of hemoglobin adducts derived from diesel 
exhaust constituents in rats equipped with a human microflora (section 4.2). In 
the last section (4.3) of this chapter the formation of hemoglobin adducts is 
compared to the formation of DNA adducts in rats treated with two model 
compounds, in the presence or absence of a microflora. 
The applicability of the described methods is discussed in Chapter 5. 
Prospects and recommendations for future research are given. 
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1 
Combustion of 
diesel fuel from a 
toxicological 
perspective 

1.1 
Origin of incomplete 
combustion products* 
Summary 
Since the use of diesel engines is still increasing, the contribution of their 
incomplete combustion products to air pollution is becoming ever more 
important. The presence of irritating and genotoxic substances in both the gas 
phase and the particulate phase is considered to have significant health 
implications. The quantity of soot particles and the particle-associated organics 
emitted from the tail pipe of a diesel-powered vehicle depend primarily on the 
engine type and combustion conditions but also on fuel properties. The 
abundance of soot particles in the emissions is determined by the balance 
between the rate of formation and subsequent oxidation. Organics are adsorbed 
onto carbon cores in the cylinder, in the exhaust system, in the atmosphere, 
and on the filter during sample collection. Diesel fuel contains polycyclic 
aromatic hydrocarbons (PAHs) and some alkyl derivatives. Both groups of 
compounds may survive the combustion process. PAHs are formed by the 
combustion of crankcase oil or may be resuspended from engine and/or exhaust 
deposits. The conversion of parent PAHs to oxygenated and nitrated PAHs in 
the combustion chamber or in the exhaust system is related to the vast amount 
of excess combustion air that is supplied to the engine and the high combustion 
temperature. Whether the occurrence of these derivatives is characteristic for 
the composition of diesel engine exhaust, remains to be ascertained. After the 
emission of the particles their properties may change because of atmospheric 
processes such as aging and resuspension. The particle-associated organics 
may also be subject to (photo)chemical conversions or the components may 
change during sampling and analysis. Measurement of emissions of incomplete 
combustion products as determined on a chassis dynamometer provides 
knowledge of the chemical composition of the particle-associated organics. This 
knowledge is useful as a basis for a toxicological evaluation of health hazards 
of diesel engine emissions. 
Scheepers PTJ and Bos RP, Int Arch Occup Environ Health 64 (19921 149-177 
Introduction 
For centuries horsepower was the most important aid in heavy duty work. At 
the turn of the 18th century the steam engine was introduced, triggering off the 
industrial revolution. From the end of the nineteenth century fossil fuel-powered 
engines started to replace coal-powered steam engines. Of these new 
generation engines, the diesel engine has been the predominant power source 
for heavy equipment machinery, most high-powered farm tractors and a large 
proportion of trucks and buses1. Diesel-powered engines are also penetrating 
the private car market. Favorable price developments in several countries, 
together with the higher efficiency and long life of diesel engines as compared 
to spark-ignition engines, have stimulated the sale of diesel-powered cars for 
private use. Professionally and privately used diesel-powered vehicles contribute 
up to 6% and 15-20% of the total number of vehicles in car parks in the United 
States and European countries, respectively2. 
The diesel engine has recently attracted more attention, especially since the 
introduction of a catalytic exhaust gas purification system in gasoline-powered 
engines and 'clean' fuels such as liquified petroleum gas (LPG). At the moment 
particulate traps and exhaust gas purification systems are not widely used in 
diesel-powered vehicles to clean exhaust emissions. Because of this, diesel 
engines have become a relatively important contributor to air pollution. 
In order to develop vulnerability and risk estimates for exposure to diesel 
exhaust (DE), knowledge of the formation and composition of DE is essential. In 
this review we intend to combine both current knowledge from the 
technological field (fuel quality and motor conditions as determinants of exhaust 
composition) and the toxicological field (the relevance of individual exhaust 
components to the health hazard). This should be seen as an effort to identify 
(groups of) chemicals that can be used as markers for environmental and 
biological monitoring of (occupational) exposure to DE. Animal studies have 
shown that the carcinogenicity of DE is primarily attributable to the particulate 
phase. Because of this, emphasis is given to the emission of particles and the 
organic compounds associated with them. 
This section will be limited to the origin of incomplete combustion products. 
The second part of this chapter will deal with the toxicological characteristics of 
DE emissions. 
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Fuel, motor oil and combustion 
Fuel quality 
During production, diesel fuel is distilled at higher temperatures (160-390°C) 
than gasoline (80-120°C). Therefore it contains predominantly aliphatic 
hydrocarbon chains of 9-28 carbon atoms3. Diesel fuel may also contain a 
considerable amount of polycyclic aromatic hydrocarbons (PAHs). Another 
characteristic of diesel fuel is its high sulfur content (0.1-0.5 wt%) when 
compared to that of gasoline (about 0.02 wt%) . Comparison of commercial 
quality diesel fuels collected at five different fuel stations all over the United 
Kingdom showed that the concentrations of individual PAHs relative to each 
other remain fairly constant4. However, major components such as alkyl 
derivatives of naphthalene, fluorene, and phenanthrene show wide variation (by 
a factor 2-3) between the fuels. This can be explained by their origin from 
different refineries and different crude oil feedstocks4. In agreement with the 
analysis of the United Kingdom fuels, Nelson5 reported that fluorenes and 
phenanthrenes and their alkyl derivatives were the major components of a 
commercial fuel from a Sydney refinery. Alkyl-substituted naphthalenes were 
not at all important constituents in this fuel. In addition to the major 
contribution of 2-3 PAHs, 4-5 PAHs such as pyrene, fluoranthene and 
benzo[a]pyrenes are detected in diesel fuel at far lower levels6. 
It must be emphasized that fuel quality differences exist on a worldwide 
basis. In the United States diesel fuel volatility is higher, the cetane number 
(which reflects the ignition rate on a scale where methylnaphthalene 
corresponds to the combustion rate of 0 and cetane to that of 100) is lower, 
and both density and aromatic content are greater than in fuels currently traded 
in Europe and Japan. 
The quality of diesel fuel has changed over the years since its introduction. 
Wade and Jones7 noted that between 1960 - 1984 in the United States the 
cetane number of # 2 fuel fell five numbers (from 50 to 45) and the 90% 
boiling point rose 20°C (from 560 to 580°C). Both quality changes led to 
higher particulate, NOx and PAH emissions. For the near future (until the year 
2000) a slight decrease in cetane number (2 numbers) combined with a small 
rise in density (0.006) as a result of a lower H/C ratio is expected, due to the 
increased use of cracked components. Because of this, the future increase in 
emissions from current technology engines is estimated to be no more than 2 % 
for NOx, 7% for HC, 12% for CO, and 6% for particles8. 
Fuel combustion 
Attempts to use multiple regression analyses to separate the effects of various 
fuel properties on the particulate emission composition have led to the following 
results:9 for heavy duty direct injection (DI) engines the 50 or 90% boiling point 
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and viscosity at 40°C have been identified as important fuel factors 
determining particulate emissions. Aromatics and cetane number were found to 
have no significant influence on particles. In contrast, regression analysis on 
indirect injection (IDI) engines used in passenger cars showed that particulate 
emissions correlate well with the cetane number or the aromatic content of the 
fuel. From calculations with a multiple regression model could be concluded 
that the aromatic content and the back-end volatility (as measured by the 
fraction of the fuel boiling above 356°C) affected particulate emissions in t w o 
different IDI engines1 0. Table 1 summarizes the influence of diesel fuel 
composition on exhaust composition. 
Table 1. Influence of fuel characteristics on exhaust composition: - -, much lower; 
-,lower; 0, neutral; +, more; + +, much more (adapted from " ) . 
Influence on emission of: 
Hydro­
carbons 
Carbon Nitrogen 
monoxide oxides 
Particles PAHs Alde­
hydes 
Rise in: 
Cetane number 
Aromatic content 
Density 
Initial boiling point 
9 0 % Boiling point 
Final boiling point 
+ 
+ + 
0 
0 
0 
+ 
+ + 
0/-
-
-
+ /0 
0 
+ 
+ 
+ 
+ 
-
+• 
+ + 
+ +b 
+c 
+" 
-
+ 
+ + 
+ + 
+ 
+ 
+ + 
+ 
+/-
ΟΖ­
Ο 
'0.5-1.9% per 1.0% aromatics (Hare 1986); "Nearly neglible (Hare 1986); c 1 % per 10°C (Hare 
1986); "2% for each volume % of fuel boiling over 356°C (Hare 1986) 
Testing of DE revealed a wide variation in mutagenicity. Huisingh and co­
workers1 2 combusted five types of commercial fuels ranging in cetane number 
from 41.8 (low quality # 2 fuel) to 53.0 (high quality # 2 fuel) in two types of 
light duty vehicles (LDVs). The low quality fuel with high aromatic content and 
low cetane number contained most mutagens. In this type of fuel the 
8 Combustion of diesel fuel from a toxicological perspective 
benzo[a]pyrene content of the particulate extract was shown to be more than 
twice as high (20 ng/mg particle) as that of the fuels with higher cetane 
numbers ( < 10 ng/mg particle). In another study both aromatic content and 
initial boiling point of the fuel were recognized as determinants of mutagenicity 
of the particulate extracts1 3. 
At a fuel sulfur content of 0.1%-0.2%, sulfur is recovered in the exhaust 
mostly as sulfur dioxide. A small portion (1%-2%) of the sulfur is converted 
into sulfate1 4. In heavy duty vehicles (HDVs) a lower fuel sulfur content tends 
to decrease the sulfate and water content of the particles. A reduction of the 
fuel sulfur content by 0 . 1 % would lead to a reduction in particulate emissions 
of about 10% in DI engines2. However, the magnitude of this effect varies with 
the load conditions used in the test procedure9. In several tests using low sulfur 
fuels in IDI engines, no significant effect on particulate emissions was 
observed9. 
The effect of decreased sulfur content tends to be greater at the lower 
particulate emission levels. In addition to that, the diesel sulfate emissions have 
been found not to be proportional to the fuel sulfur level: the percentage of 
sulfur converted to sulfate increases as the sulfur level decreases. At a fuel 
sulfur content of 0.009% this conversion amounts to 8.6% 1 4 . 
Fuel additives 
The performance of diesel fuel is improved by various additives such as amine 
detergents, polymeric dispersants, metal deactivators, demulsifiers, cetane 
improvers or ignition accelerators, f low improvers, antistatics, smoke 
suppressants, antioxidants, and biocides in the 1-1000 ppm range. The latter 
two are added to ensure that fuel quality is maintained during transport and 
storage. Collectively these chemicals are usually referred to as fuel additives. 
Many chemical structures with toxicological significance are found among the 
additives: esters, phenols, amines, organic nitrates, both inorganic and organic 
metal compounds, etc. The influence of these additives on the exhaust 
composition has scarcely been studied. Certain (unspecified) detergent type fuel 
additives are known to clean-up the injector deposits, thereby lowering 
particulate emission1 5. The use of cetane or ignition improvers was found to 
result in higher particulate emissions2 , 1 6 and higher benzo[a]pyrene emissions1 7. 
A barium and manganese-based fuel additive, sold for smoke suppression 
resulted in statistically significant increases in both exhaust mutagens 
(Salmonella mutagenicity test) and exhaust PAH concentrations when added to 
the diesel fuel of a heavy duty IDI engine 1 7 1 β . When an ignition improver was 
added to two different fuel types combusted in a heavy duty DI engine no 
significant effect was observed9. Addition of a smoke suppressant, containing 
calcium and small quantities of barium to # 2 diesel fuel resulted in markedly 
lower visible smoke. This was the reverse of the finding in respect of the 
emission of particles, higher fuel specific particulate emissions being reported in 
virtually all conditions tested in two types of diesel engines1 7. 
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Lubricating oil 
The contribution of lubricating oil to the magnitude of particulate emissions has 
been studied by adding a radioactive tracer to the oil of an engine running on a 
chassis dynamometer at steady state conditions1 9. Depending on speed and 
load, between 1.5 and 25 w t % of the particulate matter consisted of material 
from the engine oil. Williams and co-workers2 0 reported that lubricating oil 
contributed up to 7 0 % to the total of exhaust particles at low load and high 
speed. The contribution to the extractable organic portion of the particulate 
matter ranged between 16 and 8 0 % . Zweidinger21 reported an increase in the 
emission of the soluble organic fraction of 8 2 % , due to the combustion of 
motor oil. 
Cuthbertson and co-workers2 2 analyzed the particle-associated hydrocarbons 
from two HDVs, operating at standard injection timing and fueled with a # 2 
type fuel. They estimated the unburnt oil to contribute 4 0 % to the emission of 
a DI engine and 2 8 % to the emission of IDI type engines. The contribution of 
heavy molecular combustion products was neglected in this estimate. 
The oil compartment can be considered as a sink for high molecular 
incomplete combustion products such as PAHs. As will be further explained on 
ρ 20, these compounds are scrubbed from the exhaust gas and accumulate in 
the oil rapidly2 0 , 2 3. Later, when small amounts of oil leak into the combustion 
chamber, because of a poor fit of the piston in the cylinder, PAHs and 
analogues may contribute to the exhaust emissions. 
Engine design and motor conditions 
A basic differentiation when classifying engine types is that between LDVs and 
HDVs. In the first category emission data are numerous, showing a wide 
variation in exhaust composition. Samples from different makes of LDVs 
contain similar chemical components but the concentrations of the constituents 
are highly variable24. However, from analysis of the PAH composition of 
exhaust emissions from 20 different car models (LDVs) Grimmer and 
Hildebrandt25 concluded that it was impossible to distinguish different car 
models by their PAH profile. LDVs of the same make and model yielded extracts 
of similar cytotoxicity in the Chinese hamster ovary cell assay. Extracts 
collected from cars of different manufacturers, however, yielded extracts with a 
three-fold difference in cytotoxicity2 6. 
That engine design is an important determinant of emission performance of 
HDVs as compared to fuel quality differences is illustrated in Figure 1. This 
shows the magnitude of the variation in particle and NO x emissions due to 
engine design. In the same Figure the relative influence of diesel fuel quality 
changes is depicted. 
Another factor influencing the emission performance is the method of 
injection, either direct or indirect. The first is mainly used for HDVs, the latter is 
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used for LDVs such as passenger cars. In each of the designs, fuel volatility, 
aromaticity and cetane number determine soot formation in a different way 
because of the different characteristics of the combustion process: in DI 
engines fuel volatility is an important determinant of soot formation. High 
volatility leads to a greater amount of fuel burning in lean premixed conditions 
avoiding soot formation 2 7 . Fuel injected into the prechamber of an IDI engine 
vaporizes and burns in low air/fuel conditions and at high temperatures favoring 
pyrolysis and thus soot formation. In this type of engine the enhancing effects 
of aromatic content or volatility on soot formation is remarkable, whereas the 
fuel cetane number seems to have no effect2 7. Yamaki and co-workers2 8 explain 
the higher emissions of 1-nitropyrene (1-NP) from an IDI as compared to a DI 
engine as a direct result of differences in the combustion process. 
Part 
1.1" 
1.0-
0.9-
0.8-
0.7-
0.6-
0.5-
0.4-
0.3-
0.2-
0.1-
iculates (g/kWh) 
2.0 4.0 6.0 8.0 10.0 12.0 14.0 
No, (p/kWh) 
Fig. 1. Particulates - NOx trade-off for HDV DI engines tested over the 
US transient cycle8 (used with permission). 
In addition to the general design of the engine several other factors such as 
piston cavity diameter, swirl ratio, number of injection nozzle openings and 
injection direction determine the soluble organic fraction and particulate matter 
in the exhaust emissions2 9. 
Predicted impact 
of year 2000 
- * * average' fuel 
^ Ч quality on 
^ emissions 
performance 
Naturally 
•sontad 
Turbo 
charged 
Turbo 
charged b 
aftercooled 
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The combustion system of HDVs has been improved by the introduction of 
turbo charging (see Figure 1). Reduction of particulate emissions is achieved by 
increasing the supply of oxygen to improve the air/fuel mixing, enhancing 
particle oxidation during the expansion stroke, and using higher intake charge 
temperatures which have the potential to improve fuel vaporization30. 
Injection timing 
Poor timing of the injection of fuel into the combustion chamber may lead to 
emissions with higher mutagenicity21. A low oxidation rate of particles formed 
in the combustion chamber of an IDI engine at advanced timing may contribute 
to the increased particulate emission31. Changes in timing, however, were 
reported to have little effect on PAH emissions in IDI engines32. 
When comparing retarded, standard and advanced timing, in succession, 1-
NP emissions and direct mutagenicity increase several times. This increase can 
be correlated with the increase in emitted NOx. Saito and co-workers33 found an 
increase of 1-NP and benzo[a]pyrene emission with the occurrence of 
secondary injection induced by the injector clogging in an IDI engine. Injection 
timing was found to have no influence on the emission of alkyl-PAHs34. 
Load and temperature 
PAHs emitted during idling are enriched with respect to 3- and 4-ring PAHs33. 
At high engine loads PAHs and total particulate emissions tend to increase 
gradually. At mid load conditions PAH emissions are lowest. At high load, 
particles are oxidized during the expansion stroke. At very high temperatures 
resulting from extremely high load conditions, the oxidation rate of the particles 
produced in the combustion process could be higher, decreasing particulate 
emissions34. 
Temperature, together with the air/fuel ratio, seems to be the most important 
determinant of emitted PAHs36. The temperature of a running engine and its 
exhaust system is more or less proportional to its load. Therefore observations 
made for assessing the influence of load are applicable to temperature 
conditions. 
Fuel/air ratio 
Increasing the fuel/air ratio led to higher particulate emissions in both DI and IDI 
engines tested with four different fuels. The liquid hydrocarbon emission, 
however, increased with the fuel/air ratio in IDI engines whereas a decrease 
was observed in the DI engine27. 
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Table 2 . Emission data of some LDVs tested on a chassis dynamometer . 
Egebâck* Lies« Steenlage and 
Rijkeboer" 
Vehicle 
Odometer count (km): 
Fuel: 
Cetane number Π 
Density (g/cm3! 
Sulfur content (wt%l 
Viscosity IcST/mm'/sl 
Testcycle 
Volvo 244D 
Mercedes 
14 087/125 554 
51 
0.837 
0.31 
1.3 
US78' 
Volvo Mercedes 
л - 2 - З л - 2 - З 
VW Rabbit/VW Dasher/ 
VW Jetta/VW Jetta TD/ 
Audi 5000D (3x) 
-
51.8 
0.834 
0.23 
3.12 
US75/SET/HDT· 
US75 SET 
л - 3 - 6 л - 3 - 8 
HDT 
л - 3 - 6 
Opel Rekord 2.3D 
Opel Rekord 2 . I D 
<60 000/>100 000 
-
ЕСЕ' 
<50000 >ІО00ОО 
л - 1 л - 1 
Compound lg/km): 
Hydrocarbons 
СО 
N 0 , 
0.19 
0.93 
0.95 
0.73 
1.87 
0.92 
0.18 
0.87 
0.74 
0.20 
0.85 
0.62 
0.14 
0.65 
0.55 
3.0 
1.7 
0.9 
2.9 
1.4 
0.9 
Compound (mg/km): 
Particles 
SO, 
Sulfate 
Cyanides 
Ammonia 
Methane 
Ethane 
Ethylene 
Propylene 
1 /(-Butane 
л-Decane 
л-Undecane 
л-Oodecane 
л-Tri/heptadecane 
Methanol 
Ethanol 
Formaldehyde 
Acetaldehyde 
Acrolein 
Propionaldehyde 
Methyl ethyl ketone + 
isobutylaldehyde 
Crotonaldehyde 
Benzaldehyde 
Hexanaldehyde 
Methyl nitrite 
Ethyl nitrite 
Benzene 
Toluene 
Naphthalene 
25.6 90.7 
1.6 
22 2 
7.9 
< 2 2 
< 1 
1.6 
< 1 . 2 
20.7 
3 6 
1.8 
0.217 0.302 
0.136 0.125 
9 5 18.1 
< 1 . 0 < 1 . 0 
238.70 
260.92 
5.41 
0.68 
1.55 
5.10 
0.22 
15.68 
221.91 
242.61 
5.76 
0.62 
1.04 
6.30 
0 31 
16.88 
166.42 
196.78 
4.94 
0.50 
0.92 
5.63 
0.16 
13.54 
8.13 
3.14 
0.99 
0.78 
1.22 
0.55 
0.80 
3.77 
1.92 
-
-
-
-
4.33 
1.26 
2.58 
1.08 
24 
1 
31 
8 
4 
2 
4 
5 
14 
1 
-
19 
-
4 
2 
3 
3 
12 
3 
2 
2 
6 
<1 
6 
Compound (yg/kmU 
(Continued} 
Anthracene 
Phenanthrene 
Fluoranthene 
Pyrene 
Chrysene 
Benzolb.Jtlfluoranthene 
Benzo [ff/T/lfluoranthene 
Cyclopentenotctfpyrene 
Benzo(e]pyrene 
Benzo[a]pyrene 
Benz[alanthracene 
lndeno[ 7,2,3-crfIpyrene 
Benzo [дЛЛр гуІепе 
Perylene 
Coronene 
Triphenyl 
3,6-Dimethylphenanthrene 
2-Nrtrofluorene 
2,7-Dinitrofluorene 
9-Nitroanthracene 
3-Nitrofluoranthene 
1 -Nitropyrene 
1,3- 1,6- and 1,8-Dinitropyrene 
6-Nitrobenzo[a]pyrene 
-
140" 
172" 
186" 
4 0 ' 
40" 
40» 
2" 
IO" 
25" 
15" 
2 0 ' 
-
10" 
-
-
-
-
-
-
-
-
-
-
79.69 
73.58 
13.60 
10.79 
-
0 . 8 1 е 
16.87 
5 32 
3.93 
4.35 
10.94 
0.62 
5 4 3 е 
-
-
0 9 9 е 
0.13 е 
1.00е 
0.06е 
3.43е 
0.12 е 
0.12 е 
-
-
60.38 
66.59 
10.74 
10.26 
-
-
13.80 
4 01 
3.51 
3.54 
11.67 
0.49 
-
-
-
-
-
-
-
-
-
Mutagenicity of particulate extract is Salmonella mutagenicity assay frev/μςΙ 
TA98 -S9 
TA98 + S 9 
TA100-S9 
TA100 + S 9 
398.8" 
360.0" 
501.6" 
439.0" 
_ 
-
-
• 
. 
-
-
-
-
65.60 
87.13 
22.25 
15.21 
-
-
14.84 
4.68 
2.74 
3.78 
8.73 
0.55 
-
-
-
-
-
-
_ 
-
-
-
17 
295 
58 
< 0 . 9 
14 
2.6 
-
-
3 
< 1 
8 
-
< 1 
< 1 
9 
10 
-
-
-
-
-
-
-
-
-
63 
524 
2 0 0 
22 
67 
4 7 
-
-
38 
19 
43 
-
18 
2 
-
< 1 
19 
-
-
-
-
-
-
„ 
-
-, Not analyzed; < , below detection limit; 'US78 = Federal Test Procedure, US75 = Federal Test Procedure with cold 
start; SET = US Sulfate Emission Test, HDT = US Highway Driving Test; ECE = European city driving cycle; 
"Average of two vehicles in = 5|; CUS72 cycle with hot start, 4 cylinder engine. 
In DI engines, especially PAH emissions increase rapidly with decreasing fuel/air 
ratio. In IDI engines the relation between the fuel/air ratio and PAH emissions 
was weak. Increasing the amount of pure oxygen gas in the combustion air of a 
DI engine, in the range from 21 to 2 9 % , was found to cause a decrease in 
particulate emission, especially at high load conditions. However, NO x 
increased with higher intake of oxygen3 8. 
General condition of the engine 
For both LDVs and HDVs elevated emissions of PAHs, hydrocarbons and 
particles have been reported in more intensively used or older engines as 
compared to extensively used or new engines2'- 4 1"4 3. Some of these 
investigators have suggested that the combustion of oil explains the enhanced 
emissions in these engines when compared to new ones2 1 , 4 2. 
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Emissions determined on a chassis dynamometer 
In Table 2, average emission data are presented from several European diesel 
LDVs tested on a chassis dynamometer. Despite differences in test cycle, diesel 
fuel and engine fabrication, emission factors are of the same order of 
magnitude. For this kind of test the choice of simulation conditions, such as 
driving cycle and sampling system are not critical for the sampling of organic 
vapors, particle-associated organics or mutagenic activity4 4. Among PAHs, 
differences are somewhat greater, especially when vehicles with high and low 
odometer counts are compared. It is not known to what extent the differences 
found in this study were caused by the contribution of PAHs from the higher oil 
consumption rate of the more intensively used vehicles. The profiles of the 
PAHs from the three studies appear to be similar showing the slightly volatile 
phenanthrene, fluoranthene and pyrene (with vapor pressures of 10"6 to 10'4 
mm Hg and M w = 178-202) at an emission level, one order of magnitude 
higher compared to the PAHs with a relatively lower vapor pressure (below 1 0 7 
mm Hg, M w = 228-300). The emission level of 1-NP is of the same order of 
magnitude as the low volatile PAHs. Artificial formation of this compound is not 
expected under the sampling conditions employed in the German study4 0. 
Table 3 presents the amount of hydrocarbons emitted in relation to the 
amount consumed as fuel every kilometer of distance in LDVs, driving on a 
chassis dynamometer. The fuel profiles are typical of # 2 quality diesel fuel: 
high levels of C8 - C1B and an abundance of the 3- and 4-ring PAHs. From the 
tail pipe low molecular combustion products are emitted in the mg/km range, 
while PAHs are emitted in the //g/km range. The conversion of high molecular 
fuel constituents to low molecular exhaust components is consistent with 
observations of Nelson5. 
The amount of soluble organic compounds emitted by an HDV, tested on a 
chassis dynamometer, are presented in Table 4. The influence of both fuel type 
and particle trap was tested when simulating a bus cycle. The increase in PAH 
emissions from the combustion of a fuel with a higher cetane number is not 
consistent with previous observations (see Table 1). However, fuel В also 
contains more high boiling point components (final boiling point 355°C 
compared to 259°C for fuel A) suggesting the possible greater contribution of 
higher molecular constituents in fuel B. 
Mutagenicity testing of the particulate extract with the bacterial Salmonella 
mutagenicity assay (Salmonella typhimurium strains TA100 and TA100NR in 
the absence of an activating enzyme system) suggests that the nitrated 
aromatics contribute 35-65% to the total direct mutagenicity of the particulate 
extract. The profile of the PAHs shows the same bimodal shape as in the LDV. 
1-NP is present in the same range as the 5- and б-ring PAHs. Both the particle 
traps tested reduce PAH emissions by a factor of ten and mutagenicity in the 
Salmonella mutagenicity assay by more than 5 0 % 4 5 . 
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Particles as vehicles for transport of combustion 
products 
Particle formation and oxidation 
Three stages have been proposed during the process of soot particle formation 
in the diesel engine and the exhaust system4 0 , 4 6: in the first phase graphite-like 
particles are formed from simultaneous cracking, pyrolysis, dehydrogenation 
and pyrosynthesis at temperatures ranging from 2000 to 2 3 0 0 ° C 4 7 4 e . These 
particles reach a critical size by surface growth with diameters ranging from 
about 0.001 to 0.01 μπ\ and are called carbonaceous nuclei. In a second phase, 
basically spherical primary soot particles of 0.01-0.05 //m diameter are formed 
by agglomeration. The primary soot particles form sponge-like clusters and 
chains in a third phase, that of coagulation, reaching diameters of 0.1-0.2 //m. 
These particles have a very large surface area (50-200 m2/g soot) similar to 
charcoal4 0. This mechanism of particulate formation is supported by 
observations made by Dolan and co-workers4 9. They noted a bimodal size 
distribution with particles of 0.02 /лп diameter originating from agglomeration 
(second phase) and particles of 0.14 μηη diameter representing the products of 
coagulation (third phase). The particles do not vary greatly in size with engine 
design, speed or load5 0. 
The quantity of exhaust soot depends upon how rapidly the soot formed 
during the combustion process is destroyed by oxidation3 6 - 4 6 , 5 1. This process 
involves submicron particles and is temperature-directed rather than diffusion-
directed. Oxidant species in this process are molecular 0 2 and OH- radicals and 
less reactive molecules such as C 0 2 and H 2 0 5 2 . Measurements in the cylinder of 
an IDI engine show that particle formation begins 1-5 crank angle degrees after 
the start of combustion. A peak in particle concentration is reached at about 
10-20 crank angle degrees after the start of combustion. During the next 20-30 
crank angle degrees (expansion stroke) the particles are oxidized towards 
exhaust levels. The peak concentrations in the cylinder were 5-15 times higher 
than the exhaust concentrations3 6. In accordance with this, Hayano and co­
workers5 3 reported the PAH levels in the exhaust gas f low to be 2-3 orders of 
magnitude lower than in the combustion chamber. Du and co-workers3' noted a 
tenfold reduction in concentration of pyrene, fluoranthene, benzo[fc]fluo-
ranthene and benzo[a]pyrene between the cylinder and the exhaust manifold. 
Aging and resuspension 
The particles emitted from both LDV and HDV engines running at high speed on 
a chassis dynamometer were found to be divided by diameter into t w o 
groups5*: submicron particles with diameters ranging from 0.02 to 0.5 μπ\ and 
supermicron particles with diameters greater than 2 //m. 
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Between 5 0 % and 8 0 % of the total emission is discharged in the submicron 
range. PAHs are almost entirely bound onto these submicron particles5 4. The 
process of coagulation is usually referred to as aging. It is not dependent on 
engine or exhaust conditions but rather on atmospheric factors. 
Lach and Winckler5 5 noticed resuspension of DE particles from a dilution 
tunnel after measurements had been carried out on several diesel engines. The 
same process might also occur in indoor work environments. As an explanation 
of the presence of large particles it has been suggested that frequent movement 
of vehicles causes resuspension of particles deposited on the floor5 6. 
In a dilution tunnel the mass median aerodynamic diameters of particles 
leaving the tail pipe were found to be between 0.13 and 0.19 μπτι for both HDV 
and LDV engines5 4. Size distribution studies on particles collected in a dilution 
tunnel do not appear different from on-the-road measurements of particle size 
distributions2 8 '4 9. 
Photochemical reactions 
When emitted into the open air, diesel soot particles and the associated organic 
compounds are exposed to ambient factors, such as sunlight, which may 
change their chemical composition. Photochemical transformations of PAHs 
exposed to sunlight have been studied in smog chambers. 
In a rotary photoreactor, photolysis of PAHs adsorbed onto the surface of 
carbon black showed half lives for eight individual PAHs to exceed 1 000 h 5 7 . 
Under the same conditions PAHs adsorbed on silicagel, alumina and fly ash 
were shown to be 10-100 times more vulnerable to photodegradation. This 
indicates that the carbon black surface stabilizes some PAHs, facilitating their 
transport from combustion sources into the atmosphere. 
The origin of the soluble organic fraction of the 
particles 
Aliphatic compounds are found in the vapor and the particulate phase of DE. 
Among the /7-alkanes, C n -C 1 6 products are the most abundant having emission 
rates of 10 mg/km in HDVs. The partitioning between vapor and particulate 
phase was evaluated for C l 4-C1 7 alkanes by Hampton and co-workers5 8. The 
vapor/particle ratio for these alkanes was found to be proportional to the 
compound's vapor pressure. 
It is not clear whether the hydrocarbons associated to soot particles are 
acquired within the cylinder, in the exhaust system, in the atmosphere or even 
on the soot collection filter. 
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Table 4. Emission data of a HDV tested on a chassis dynamometer49. 
Fuel В 
Cetano number (-) 
Density (a/cm3( 
Sulfur content (%wt) 
Tast condition: 
4 2 
0.601 
0.03 
No trap Particle trap" 
51 
0.841 
0.26 
No trap Particle trap1 
No. of observations η - S" η - 3* η = 3 ' η - 3" 
Compound tg/kmì: 
Fuel consumption 
Hydrocarbons 
CO 
CO, 
NO, 
Particles 
397 
3.6 
5.4 
1244 
16.1 
0.71 
393 
1.9 
4.9 
1200 
13.6 
0.1 
397 
3.2 
4.9 
1282 
12.5 
0.97 
409 
2.2 
1.6 
1310 
15.1 
0.20 
Compound (mg/km): 
Form aldéhyde 
Acetaldehyde 
Acrolein 
Acetone/propionaldehyde 
Benzeldehydo 
Tolualdehyde 
140 
50 
4 
11 
10 
14 
170 
80 
4 
8 
12 
14 
150 
40 
4 
17 
14 
17 
110 
30 
< 1 
70 
25 
2 
Compound Ipg/kml: 
Anthracene 
Phenanthrene 
Fluoranthene 
Pyrene 
Benzolo*/»] fluoranthene 
Cyclopentalcolpyrene 
Benz[a]anthracene 
Chrysene 
BenzoIo,A]fluorene 
Benzolelpyrene 
Benzolelpyrene 
Indenol /,2,Д-со1руг п 
Benzo[o7)/1perylene 
Coronene 
1-Nitropyrene 
1.2 
4.8 
13 
20 
4.0 
3.6 
4.0 
11 
3.9 
2.5 
1.6 
1.5 
1.9 
0.3 
0.9 
0.4 
1.0 
4.9 
6.2 
2.0 
0.07 
0.4 
2.0 
0.9 
0.3 
0.2 
0.5 
0.5 
0.1 
0.35 
3.0 
25 
38 
104 
12 
3.9 
7.0 
25 
6.1 
4.1 
2.2 
2.3 
3.2 
20.7 
8.3 
0.1 
1.3 
5.7 
7.1 
1.4 
0.2 
0.4 
1.5 
1.2 
0.4 
0.2 
2.3 
0.4 
0.3 
0.25 
Mutagenicity of particulate extract in Salmonella mutagenicity assay trevfygl: 
TA98 
TA98 
TAI 0 0 
TA 100 
-S9 
+ S9 
-S9 
+ S9 
TA100NR-S9 
189 
218 
445 
435 
219 
74 
79 
128 
197 
107 
384 
448 
764 
947 
326 
67 
61 
221 
201 
129 
'Degussa particle trap, bJohnson/Matthey particle trap; cAnthmetic means as calculated from the data reported by 
Westerholm and co-workers46 
MacDonald and co-workers6 9 and Plee and MacDonald6 0 found that adsorption 
onto soot particles trapped on the filter was the dominant mechanism 
responsible for the soluble hydrocarbon fraction appearing on the filter. 
Condensation of high boiling point compounds directly onto the filter could also 
contribute to the hydrocarbon fraction under conditions of low filter 
temperature and high hydrocarbon concentrations4 6. 
The hydrocarbons adsorbed on soot particles could originate from the same 
tail pipe as the soot particles, but since soot particles travel through the 
atmosphere acting as charcoal adsorbents, they may also adsorb atmospheric 
contaminants. The contribution of atmospheric contaminants can be ruled out in 
the dilution tunnel by supplying filtered air or pure N2/02 as a dilution medium. 
In the atmosphere the contribution of ambient contaminants may become 
substantial, especially at realistic outdoor dilution ratios of several thousands4 9. 
Another question which must be answered is to what extent the particle-
associated hydrocarbon fraction is modified by NO x, S0 2 , or 0 2 . These 
reactants are continuously drawn past soot particles trapped on the filter. 
Despite many environmental factors, the emission rates of some л-alkanes, 
aromatics and two methyl-PAHs determined for HDVs and LDVs in a highway 
mountain tunnel were generally consistent with tail pipe emission rates 
determined from chassis dynamometer studies5 8. However, other investigators 
have demonstrated that the gas chromatographic profiles of extracts of road­
side samples were different from those produced by dilution tunnel samples6 1. 
Polycyclic aromatic hydrocarbons and their alkylated derivatives 
In principal four possible explanations exist for the presence of PAHs in DE: 
1. Fuel-derived PAHs survive the combustion process to appear in the exhaust. 
From comparisons of fuel and exhaust composition it has been suggested that 
some fuel components such as fluoranthene, phenanthrene, pyrene, and 
benzo[a]pyrene can pass unchanged into the exhaust5"6-62. However, in none of 
these studies could the contribution of PAHs contained within lubricating oil be 
excluded. Methylnaphthalene or acenaphthene added to a pure hexadecane fuel 
were not recovered in the exhaust after combustion in a single cylinder DI 
engine6 2. In another study methylphenanthrenes and methylfluorenes are 
suggested to originate from unburnt fuel components4. 
2. PAHs are formed during the combustion process by pyrolysis followed by 
pyrosynthesis reactions of fuel in the combustion chamber. Meyer and 
Grimmer63 found no differences between PAH profiles of emissions from a fuel 
containing PAHs and otherwise identical fuel free from PAHs in a spark ignition 
engine. Apparently, PAHs detected in the exhaust were produced during the 
combustion process. However, in this case, also, the contribution of PAHs from 
lubricating oil could not be excluded. When taking samples directly from the 
combustion chamber, PAHs were found at 200-fold higher concentrations as 
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compared to the PAH concentrations in the exhaust mixture53. This suggests 
the formation of PAHs in the combustion chamber followed by decomposition 
and/or conversion to PAH dérivâtes in the exhaust system. In a recent study 
Abbass and co-workers23 estimated the contribution of pyrolysis to be 5% at 
most. 
3. Crankcase oil constituents are known to be possible suppliers of PAHs. 
Williams and co-workers20 and Abbass and co-workers64 investigated lubricating 
oil contamination with PAHs in two types of DI engines used for mining. 
Unused oil contained negligible concentrations of these contaminants. 
However, once the oil was used, the contamination accumulated rapidly, 
reaching substantial concentrations after only 10 h use. A steady state was 
reached after about 100 h use. A second older technology engine showed a 
much higher accumulation rate and a very much higher contamination level than 
did the current technology engine that was tested. 
Since all of the PAHs were accumulated in the oil during the combustion 
process, their profile is expected to be similar to the PAH profile in the fuel or 
the profile of PAHs produced during the combustion process. This is why 
variable amounts of engine oil in the combustion chamber may change the level 
of PAHs emitted, but are not expected to affect the exhaust PAH profile. 
4. PAHs are also thought to originate from engine and/or exhaust system 
deposits23. In a study using pure hexadecane as a fuel and lubricating oil free 
from PAHs, it has been suggested that the evaporation of high boiling point 
compounds deposited in the engine or exhaust system might be a source of 
PAHs in addition to pyrolysis and pyrosynthesis. 
Oxygenated polycyclic aromatic hydrocarbons 
Hydrocarbons are oxidized to a greater extent during their combustion in a 
diesel engine than in a comparative combustion of gasoline or liquid petroleum 
gas in a spark ignition engine because of the vast amount of excess air supplied 
to the combustion chamber. This could be the major explanation of the 
observation by Jensen and Hites34 that oxy-PAHs outnumber the abundance of 
parent PAHs by a factor of two. Oxygen-containing derivatives may include 
hydroxy, dihydroxy, aldehyde, carboxyaldehyde, anhydride, quinone, ketone 
and acetoxy functional groups66. A problem hindering the determination of the 
contribution of oxy-PAHs to DE is their relative instability. On the one hand oxy-
PAHs may be formed artificially on the filter of the sampling device. On the 
other hand these compounds may be converted during sampling, storage and 
chemical analysis66. 9-Fluorenone and 9,10-anthracenequinone are two of the 
most abundant oxygenated PAH derivatives in DE32·40·6566. 9-Fluorenone, 
however, is not characteristic for DE because it is more abundant in other 
combustion products such as coal fire exhaust67. 
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Nitro-substituted polycyclic aromatic hydrocarbons 
Nitro-substituted PAHs are formed from the reactions of PAHs with nitrating 
species that are provided by the conversion of N2 and 0 2 at high temperatures 
in the combustion chamber. Two possible mechanisms are postulated for the 
formation of nitro-PAHs24'68: (a) the nitration of PAHs with HN0 3 and (b) the 
addition of NO or N 0 2 to PAH free radicals generated during the combustion 
process. 
The role of nitrogen in the nitro-substitution of PAHs was investigated in a 
single cylinder diesel engine running on nitrogen-free air. The amount of 1-NP 
formed in the exhaust was substantially lower compared to the emission from 
an engine using ambient air69. A frequently used method to investigate the 
influence of fuel composition is the use of a synthetic fuel consisting of one 
compound. When fueling a diesel engine with n-hexadecane, a relative increase 
of nitropyrenes and nitrofluoranthenes was observed when pyrene was added6 2. 
In the case of a similar treatment of the hexadecane fuel with phenanthrene an 
increase in the emission of nitrophenanthrenes and dinitrophenanthrenes was 
found. However, a simultaneous increase of direct-acting mutagenicity in the 
Salmonella mutagenicity assay was not observed6 2. 
The mutagenicity in the Salmonella mutagenicity assay with and without 
metabolic activation of the particles collected from the exhaust system was 
observed to be one order of magnitude lower compared to the particles 
captured from the combustion chamber. Since it is known that nitro-PAHs are 
directly mutagenic and unsubstituted PAHs need to be metabolized into 
mutagens, the relatively high direct-acting mutagenicity in the combustion 
chamber suggests the possible contribution of nitro-PAHs, already formed in the 
combustion chamber, in addition to PAHs. Du and co-workers3 1 described the 
quite different behavior of a specific nitro-РАН (1-NP): a fourfold increase in 
concentration between the cylinder and the exhaust manifold. This suggests 
that 1-NP is formed during the expansion stroke and/or in the exhaust manifold. 
Nitro-PAHs could also be formed after leaving the tail pipe or even on the filter 
of the sampling device. It has been established that the latter contribute less 
than 2 0 % to the 1-NP recovered on a filter during short sampling times4 0. The 
artificial formation of 1-NP is further discussed in Chapter 5. 
Crankcase oils of diesel engines have been found to exert very high direct 
mutagenic activity in the Salmonella mutagenicity assay. When N 0 2 was 
bubbled slowly through the crankcase oil the mutagenicity increased 
substantially7 0. This increase was not found when the oil was treated with air, 
ammonia, nitrous oxide, or S0 2 . This suggests that the products of the reaction 
of PAHs with N 0 2 (nitro-PAHs?) contribute to the increase in mutagenicity. 
1-NP and 1,6-dinitropyrene were identified in oil samples71. They were found 
to contribute 0.9 and 12% to the mutagenicity, respectively. In an LDV running 
9 000 km, the motor oil was found to contain 0.5 ppm 1-NP, while this 
compound was not detected in new oi l 7 2 . In the exhaust of this vehicle running 
on new and used oils the 1-NP emission was 10 and 16 mg/km, respectively. 
These levels could not be explained by the contribution of 1-NP contained 
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within the oil, since no oil consumption was observed over a driving distance of 
9 000 km. From these observations Jensen and co-workers concluded that it 
was unlikely that 1-NP in oil contributed substantially to the exhaust levels of 1-
NP. 
In a comparative characterization of the nitro-РАН content from diesel 
particles, coke oven mains, roofing tar vapor and cigarette smoke condensate, 
Williams and co-workers7 3 reported significant levels of 18 different species of 
nitro-PAHs in extracts of diesel particles of LDVs that were not detected in the 
other combustion products at a detection level of < 50 pg. In this comparison 
nitro-PAHs appear to be a group of PAH derivatives typical for DE. This could 
very well be the consequence of the vast amount of excess air supplied to the 
diesel fuel combustion. 
Concluding remarks 
The carbon cores of soot particles are an important vehiculum for high 
molecular incomplete combustion products. They are formed during the 
combustion process by radical-mediated pyrosynthesis reactions. A fraction of 
these particles is subsequently destroyed by oxidation during the expansion 
stroke of the piston. The yield of soot particles eventually leaving the tail pipe 
depends on the balance between soot formation and destruction. 
Particle emissions increase with advanced injection timing and fuel/air ratio. 
The net yield of particles also increases with engine load. At very high loads the 
particulate emission might go down again, since high temperatures enhance the 
oxidation rate of carbon. Fuel characteristics associated with high particle 
emissions include high density, high initial boiling point, and high aromatic 
content. Fuel characteristics that are more weakly associated with particle 
emission are the 9 0 % and final boiling point of the fuel. 
Engine conditions causing high PAH and PAH derivative emissions are: 
advanced timing of the injection, extremely low and high load conditions, cold 
start, and decreasing fuel/air ratio (specifically in DI engines). 
Incomplete combustion products such as PAHs are formed during the 
combustion process or originate from the fuel, surviving the combustion proces. 
Fuel characteristics associated with high PAH emissions are the same as those 
associated with high particle emissions. However, PAH emissions are also 
known to vary with the amount of oil taking part in the combustion. This points 
to the lubricating oil as an important secondary source of PAHs. Since PAHs are 
not present in unused lubricating oil, they are obviously formed by 
pyrosynthesis in the cylinder and accumulate in the oil rapidly. Another 
secondary source of PAHs is the engine and exhaust deposits: fuel oil and/or 
exhaust residues that contain PAHs or scrub PAHs from the gas phase. 
Eventually these deposits are resuspended, causing PAHs to appear in the 
emissions. 
The vast amount of excess air as well as very high temperatures (up to 2 
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300°C) in the combustion chamber leads to the appearance of reactive oxygen 
and nitrogen oxide species. In this reactive mixture, PAHs are converted to oxy-
and nitro-PAHs. Some studies suggest that this conversion also takes place in 
the exhaust system. Because the excess combustion air supply and high 
combustion temperature are characteristic for the combustion of diesel fuel, the 
appearance of nitrated and oxygenated PAHs could be characteristic for the 
combustion of diesel fuel. This is confirmed by the comparison of the emissions 
from diesel engines with those from other sources. 
Knowledge of the origin and conditions determining the emission of 
incomplete combustion products is useful in the evaluation of health hazards 
that may derive from the use of diesel engines as power sources in industry and 
transport. 
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1.2 
Toxicity of diesel exhaust* 
Summary 
Epidemiological data and results of toxicity studies in experimental animals 
indicate the possible health risk of diesel exhaust (DE) exposure. Acute effects 
of this exposure include odor, eye irritations, lung function decrements, 
cardiovascular symptoms, and some nonspecific effects. Most of these effects 
are reported among persons highly exposed to DE. Lung function decrements 
are reported as chronic effects. Another chronic effect that has been studied 
extensively among occupationally exposed persons is lung cancer. In addition 
to lung cancer, but at a less frequent rate, an enhanced incidence of bladder 
cancer is reported. The carcinogenic action of DE exposure is ascribed to 
effects of the soot particles, particle-associated organics, and/or gas phase 
compounds. Direct effects of the particle load may include retardation of lung 
clearance, inflammation, and increased cell proliferation. These effects were all 
demonstrated in rodents. The particles may also prolong the residence time of 
particulate organics or induce the generation of reactive oxygen species. These 
compounds are known to react with macromolecules, causing lipid 
peroxidation, DNA damage, and/or activating other genotoxic substances such 
as polycyclic aromatic hydrocarbons (PAHs). However, these results have not 
yet been confirmed in mammals in vivo. A direct interaction of particles with 
lung tissue is also suggested as a cause of cancer but a mechanism for this 
interaction has not yet been proposed. Organics associated with the particles 
are known to contain genotoxic properties attributable to PAHs and their 
derivatives. A number of these compounds are also identified as carcinogens in 
animal studies. However, it is not clear which of the groups, parent PAHs, their 
nitro, oxy, alkylated, heterocyclic derivatives, or possibly other compounds are 
principally responsible for inducing tumors in the lungs of animals after DE 
exposure. Furthermore, the mechanism of the bioavailability of these organics is 
not completely understood. The effects of gas phase constituents on the 
carcinogenic properties of the particles and/or particle-associated organics 
either have not been investigated or the findings have been inconclusive. 
Based on Scheepers PTJ and Bos HP, Int Arch Occup Environ Health 64 (1992) 163-177 
Introduction 
Persons occupationally involved ¡π the operation and maintenance of diesel-
powered engines form a group, potentially exposed to products derived from 
the combustion of diesel fuel. Persons working in the vicinity of such engines 
will also be exposed. Since most diesel engines are in use as power suppliers 
for vehicles, people working along busy roads are potentially inhaling diesel 
exhaust (DE) emissions. Even the general public, such as inhabitants of urban 
areas, are potentially at risk, although their exposure levels are much lower. 
The interest of the community in this matter is considerable, because of the 
great number of people possibly exposed to DE emissions as well as the 
presumed health risks of this exposure. 
Since 1985 the potential carcinogenicity of DE has been confirmed in several 
studies, using experimental animals1'6. In the same period reports of 
epidemiological studies have suggested an increased risk of lung cancer among 
persons occupationally exposed to DE. Only recently an extensive case-control 
study was performed that showed a statistically significant relationship 
between DE exposure and lung cancer. In this study corrections were made for 
tobacco smoking and occupational exposures known to induce lung cancer7. 
These recent data urged NIOSH to reconsider their 1986 interpretation, stating 
that there was no causal relationship between occupational exposure to DE and 
cancer8. In 1989 the IARC concluded their evaluation of gasoline and diesel 
engine exhaust, classifying whole DE in group 2A9. This category comprises 
chemical substances with limited evidence for carcinogenicity in humans and 
sufficient evidence for carcinogenicity in experimental animals. 
Exposure to DE emissions occurs mainly via inhalation. Absorption of 
components through the skin cannot be excluded since it is known that, for 
instance, PAHs are easily absorbed percutaneously10. 
Toxic effects 
Acute effects 
Odor. Together with the visibility of smoke, coming from the tail pipe, its 
typical odor is the most important warning signal for DE exposure. Which 
constituents in the gas or particulate phase contribute to the odor of DE is 
unknown. Compounds that have low thresholds such as acrolein (0.5 ppm) and 
N 0 2 (0.3 ppm) do not significantly contribute to the odor of DE emissions. The 
threshold for total gas emitted from a DI engine is estimated to be 320 ppm. 
The contribution of N 0 2 at the threshold was estimated to be 5.3 vol% and that 
of acrolein, 0.25 v o l % n . The odor is determined to a great extent by 
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compounds with a molecular weight greater than 80. However, the odor was 
found to be associated with none of the following groups of hydrocarbons: 
aliphatic olefins (C,-Ce including acetylene), hydrocarbons with more than 6 
carbon atoms and aliphatic aldehydes11. 
Eye irritation. Irritation of the eyes may be one of the most sensitive indicators 
of DE exposure12. Emissions of nitrogen dioxide (N02) can be converted into 
nitric acid (HNO3) in the exhaust system or after emission from the tail pipe. 
These products may cause eye irritation in the range of 10-20 ppm13"14. 
However, such high concentrations of nitrogen oxides are usually not observed 
due to DE exposure. Among diesel bus workers itching, burning, and watering 
eyes were observed in association with exposure to respirable particles (0.12-
0.61 mg/m3) and N0 2 as low as 0.13-0.56 ppm12. This suggests that other 
compounds may also contribute to the irritating effect of DE on the eyes. 
Formaldehyde, acetaldehyde, and acrolein (threshold level for irritating 
effects, 0.02 ppm) are aldehydes present in the gas phase of DE that are also 
known to irritate the eyes. At workplaces with jet engine exhaust exposure, 
acrolein was measured at concentrations from 0.020 to 0.052 ppm16. At 
workplaces with diesel engine exhaust, workers were found to be exposed to 
formaldehyde and acetaldehyde at levels of 0.04-0.8 and 0.28-1.5 ppm, 
respectively17. 
Lung function. Sulfur dioxide (S02) is an irritant exhaust gas component 
causing obstruction of lung ventilation by bronchoconstriction17. Wolff and co-
workers18 exposed steel workers suffering from work-related respiratory 
symptoms due to sulfur dioxide alone or sulfur dioxide in the presence of 
carbon dust (5 ppm and 10 mg/m3, respectively). There were no changes of 
statistical significance in lung function except for two asthmatic subjects who 
were intolerant to these levels. 
Aldehydes such as formaldehyde, acetaldehyde, and acrolein are known to 
cause irritation of the upper respiratory tract. In epidemiological studies, difficult 
or labored breathing, chest tightness, and wheeze were observed among diesel 
bus garage workers compared to a control population. However, acute reducti-
on in pulmonaty function was not observed following exposure to N0 2 or 
respirable particles12. 
Cardiovascular effects. One of tne best known acute toxic effects associated 
with vehicle exhaust is caused by the binding of carbon monoxide (CO) with Hb 
to form carboxy hemoglobin (COHb). The COHb levels in currently nonsmoking 
vehicle examiners increased during the work shift up to 3.7%19. The concentra-
tion of COHb in the blood of nonsmoking referents was about 0.5%20 . 
In experimental animals, the combination of CO and N0 2 as present in DE in 
concentrations of 32 and 8 ppm, respectively, led to significant changes in 
hematological parameters (red blood cell count, hemoglobin, and hematocrit) 
which may also be partly due to restrictive airway disease3. 
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Other effects. Headache, vertigo, fatigue, nausea, abdominal discomfort, and 
diarrhea are some of the nonspecific symptoms associated with acute 
occupational exposure to DE12,21"22. However, a causal relationship of these 
symptoms with DE exposure has not been established. 
Chronic effects 
Lung function. Both short exposures to high levels and prolonged exposure to 
low levels of nitrogen oxides (NO and N02) can cause airway obstruction and 
decrease in vital capacity. A reduction in the lung function over the course of a 
work shift was recorded among workers of roll-on roll-off ships16 at a total dust 
exposure of 0.46 mg/m3 but not among diesel garage workers23 and 
underground miners24"25. 
Wong and co-workers26 reported a significant excess of emphysema found on 
death certificates of members of a heavy construction equipment operator's 
union. However, in this study the degree of exposure to DE was unknown and 
no corrections were made for smoking habits. 
Carcinogenicity. The possible association between exposure to DE and cancer 
is usually studied among occupationally exposed people. This group is 
considered to have a much higher exposure than the general public. The most 
reported site of cancer is the lung. Recent studies report an increased incidence 
of this type of cancer among several job catagories: railroad workers7,27'29, truck 
drivers28,3031, bus drivers33, taxicab drivers27, heavy construction equipment 
operators26,28, bus garage workers34, underground miners28,35 and dock 
workers36. 
In 1980 Howe and co-workers37 observed a statistically significant enhanced 
relative risk for developement of bladder cancer among males in the exposure 
catagories 'railroad'. Among workers in the catagory 'diesel and traffic fumes', 
this risk was reported to be nonsignificantly increased. These results did not 
change after standardization for smoking habits. Since then significant 
increased incidences of bladder cancer have been reported among truck 
drivers3840, bus drivers40"41, railroad workers37,42, land transport workers, and 
mixed populations of persons working as professional drivers on diesel-powered 
vehicles43. Other studies have found a statistically nonsignificant risk for 
bladder cancer in truck drivers39,44"46, taxicab drivers47, and car mechanics46. In 
some further studies no evidence of an increased risk of bladder cancer in 
occupations with potential exposure to DE was found42·47"46. Furthermore, the 
formation of bladder tumors is not supported by observations in animals 
exposed to DE. 
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Gas phase Particles 
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Fig. 1. Postulated mechanism for the interaction of soot particles, 
their associated organics and gas phase constituents with lung tissue. 
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Other effects. Complaints among 6 out of 14 workers in a repair shop for 
diesel-fueled vehicles were failure of memory, difficulty in concentration, 
irritability, increased sleep requirement, psychological changes, or reduced 
libido. In five of these workers neuropsychological examination demonstrated 
organic brain damage, mainly of slight extent2 1. However, from the description 
of the subjects studied, a possible contribution of occupational exposures other 
than DE cannot be excluded. 
Carcinogenity in relation to chemical composition of 
diesel exhaust 
As regards the carcinogenic potency of DE towards mammalian cells, two 
functions are postulated. It is suggested that organic compounds present in the 
particulate phase play a role in tumor induction on the basis of their genotoxic 
properties. Several chemical compounds, present in DE, have demonstrated 
mutagenic properties in a variety of short-term tests9. The particles themselves 
and some gas phase components may exert a promoting effect 4 9 . 
The genotoxic properties are supported by the detection of DNA adducts in 
lung tissues of rats exposed to diesel engine exhaust using 32P postlabeling in 
both short-term 5 0 5 2 , and long-term5 3 inhalation studies. Elevated DNA adduci 
levels have been detected in the same peripheral regions of the lung tissue as 
tumors occurred2, suggesting a relation between adduct formation and 
subsequent tumor formation5 1. However, causality has not been established. 
Moreover, the chemical identity of the DNA adducts reported is still unknown. 
In chronic inhalation studies with rodents exposed to DE particles the 
numbers of tumors reported are not likely to be explained solely by the parent 
PAHs present in the soot particles5 4 , 5 5. Therefore attention has been given to 
the possible role of particles and to several groups of substituted PAHs. In 
Figure 1, genotoxic and non-genotoxic properties of the gas phase, of particles, 
and of the particle-associated organics are presented. Lung cancer is proposed 
to be the ultimate effect caused by parallel action of direct genotoxic damage 
and indirect damage directed by the immunoresponse of the lung to particle 
exposure. We suggest a modifying effect of the particle exposure triggering the 
expression of DNA damage. 
Soot particles 
Due to their aerodynamic diameter of 0.1-0.3 μπ\, DE particles are readily 
inhaled and deposited in the nonciliated parts of the lung. In a mathematical 
model describing the process of deposition in the lungs of humans, 7-13% of 
the particulate mass [mass median aerodynamic diameter (MMAD) of 0.2 μπη] is 
estimated to be deposited in the alveolar region of the lung5 6. This agrees well 
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with the deposition efficiency as estimated in rodents (hamster, rat, and guinea 
pig). The total deposition of particles with a M MAD of 0.1-0.2 μπ\ is estimated 
to be 10-20% in rats and mice and 2 5 % in beagles5 7 5 9. 
Clearance of DE particles from the lung is biphasic. The fast phase (hours to 
a few days) is assumed to be due to mucociliar clearance, the slow phase (tens 
to several hundreds of days), to nonciliated pulmonary clearance6 0. The effects 
of DE exposure on mucociliar clearance are weak or not detectable6 1. In some 
cases clearance seemed stimulated6 2. The clearance rate of DE particles 
indicated impairment of the slow phase clearance with increasing exposure6 0 , 6 3. 
This leads to very long-term retention of particles in the lung6 4. Filtered DE did 
not have an effect on pulmonary clearance in rats or hamsters6. 
Particle load. The apparent carcinogenic effect observed in experimental animals 
inhaling whole DE is possibly associated with the presence of high 
concentrations of diesel soot particles, overloading the lung tissue. The 
particulate burden in the lung induced inflammatory response62, increased rates 
of cell proliferation5'6 5 and wounding. In rodents these effects occur at high 
exposure levels after prolonged exposure ( > 12 months) to DE particles. These 
processes are believed to play an important role in the development of tumors. 
Depot effect. The effect of DE particles on the clearance mechanism of the 
lungs of rats is reported to be much stronger than that of metal oxide or 
aluminosilicate particles6 1. The particles are believed to extend the retention of 
the associated organics and in this way to increase the target dose of genotoxic 
compounds. Thus, the deposition of particles in the lung may interact with the 
process of tumor formation, referring to the particles as carriers of genotoxic 
components (see Figure 1). 
Generation of reactive oxygen species. During inflammation, activated 
leucocytes generate oxidants that may directly interact with macromolecules6 6 
or activate genotoxic substances such as PAHs67. Oxidant species such as the 
super oxide radical, the hydroxyl radical, and singlet oxygen are supposed to 
react with macromolecules. They also may activate PAHs. Vogl and Elstner68 
suggest that the toxicity and mutagenicity of diesel soot are at least in part due 
to the formation of reactive oxygen species. Diesel soot was found to catalyze 
the formation of strong oxidants such as hydroxyl radicals in the presence of 
electron donors, cysteine, pro-oxidants such as peroxide (possibly supplied by 
phagocytosing leukocytes), and light. However, monkeys and rats exposed to 2 
mg/m3 DE particles showed a decrease in the secretion of reactive oxygen 
species6 2. In the same study Lewis and co-workers demonstrated depression of 
the phagocytosis by alveolar macrophages6 3. This results in impairment of the 
antibacterial defence mechanisms of the lung and may lead to more frequent 
and severe pulmonary infections. The latter is supported by observations in 
mice that were found to be more susceptible to influenza infections after 
exposure to DE particles6 2. 
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Intrinsic toxicity. At high doses, inhaled particulate matter itself may cause 
neoplastic formation in the respiratory airways of rats69. Rats that were exposed 
to carbon black particles virtually devoid of adsorbed organic compounds (for 
twelve weeks) showed a significant increase in the level of total DNA adducts 
in alveolar type II cells compared to a reference group" . 
Some investigators have suggested that the very large surface area of DE 
particles may be involved in tumor induction54,70. Oberdörster and Yu71 have 
shown that lung tumor induction in rats correlated better with the surface area 
of the particles retained in the lungs than with the particle mass, volume or 
numbers. A mechanism for a role of the particulate surface in the 
carcinogenicity of DE has not yet been proposed. Even if in particles devoid of 
organics, the particle surface is a critical factor in the etiology of cancer, it 
seems impossible to isolate this contribution from that of the adsorbed 
organics: The DE particle surface is covered by adsorbed organic compounds. 
For a tissue interaction of the particle itself, the desorption of adsorbed 
organics would be required. This implies that a direct interaction of the carbon 
core with lung tissue cannot proceed without organics becoming bioavailable. 
Particle-associated organics 
Mutagenic substances are released from DE particles into body fluids such as 
serum and lung cytosol72. When fetal calf serum is used a fraction of 6% of the 
mutagens present in DE particles is extracted compared to the extraction with 
dichloromethane73. 
Physiological fluids may alter the mutagenicity of the particles by 
metabolism or proten binding74. Recently, Keane and co-workes75 reported the 
results of genotoxicity testing of DE particles dispersed in aqueous mixtures of 
a major compound of pulmonary surfactant as compared to samples from the 
same sources extracted with dichloromethane. Both types of extractions yielded 
similar results in both the Salmonella mutagenicity assay and the SCE assay. 
After separation of the samples into supernatant and sediment fractions, the 
activity in both assays resided exclusively in the supernatant fraction of the 
dichloromethane-extracted samples and exclusively in the sediment fraction of 
the surfactant-dispersed samples. In this experiment particulate genotoxic 
activity apparently was made bioavailable by pulmonary surfactant properties. 
The transport mechanism of the particulate genotoxic compounds could be 
based on solubilization or dispersion properties of the pulmonary surfactant 
components facilitating membrane transport. Whether these mechanisms are of 
any significance for the bioavailability of genotoxic compounds in human lung 
remains to be investigated. 
With a model describing the release of associated PAHs from particles, Gerde 
and co-workers76 pointed out a fundamental difference between the exposure in 
animal studies and the expected exposure of humans to DE particles. Large 
aggregates of inert carrier particles, increasing the retention of PAHs in the 
lungs of experimental animals, are unlikely to be formed after the lower real 
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exposure levels ¡η humans. The influence of the degree of aggregate formation 
on the rate of release of PAHs to the surrounding lung medium has been 
simulated in models76"77. It was demonstrated that PAHs are expected to be 
released from 1 μητι particles under low-dose exposure conditions in less than 1 
min. Repeated exposures to low levels result in sustained exposure of target 
tissue to PAHs rather than increased retention due to association of PAHs with 
particles. Gerde and co-workers expected the formation of tumors at the initial 
deposition site. PAHs are not necessarily retained at these sites. This theory is 
in accordance with observations made by Schlesinger and Lippmann7 8, who 
found that the pattern of particulate deposition in a hollow cast of the human 
tracheobronchial tree correlates well with the sites of primary bronchial tumors 
in humans. 
It should be noted that the effect of exposure to one compound in a complex 
chemical mixture such as DE may be influenced by the presence of other 
components. Howard and co-workers7 9 suggested that the binding of 
nitropyrenes to mouse lung DNA is increased in the presence of respirable 
mixtures, especially those containing inducing agents such as benzo[a]pyrene. 
On the other hand addition of particle extracts containing benzo[a]pyrene 
markedly decreased the formation of benzo[a]pyrene-DNA adducts because of 
inhibition of microsomal enzymes which activate benzo[a]pyrene and other 
PAHs80. 
Polycyclic aromatic hydrocarbons (Table 1). To evaluate the carcinogenicity of 
separate fractions of the particulate extract, Grimmer and co-workers8 1 
implanted several РАН-containing hydrophobic and hydrophylic fractions of DE 
into the lungs of rats. Fractions containing PAHs with four and more rings were 
found to be the most potent in inducing tumors. The fraction containing 
nonaromatic compounds and 2/3-ring PAHs did not provoke any tumors. 
Multiple topical treatment of mice with particulate extracts from coke oven 
smoke, coal soot, and DE resulted in adducts detectable with the 32P 
postlabeling method in samples of DNA isolated from skin, lung, and liver8 2. The 
patterns of adducts of each of the environmental samples were different. 
However, one adduct was detected in DNA samples of all mice treated with the 
three different types of environmental samples. It was detected in all tissues 
and represented 12-34% of the total number of adducts. Although this adduct 
comigrated with the major benzo[a]pyrene-DNA adduct, it seemed unlikely that 
this adduct was derived from benzo[a]pyrene alone since this adduct 
represented 49-67% of the total radioactivity recovered from the diagonal zone 
of DNA collected from the lungs of animals treated with DE. 
Carmichael and co-workers8 3 treated male Parks mice topically with motor oil 
from diesel- and petrol-powered engines. Only small portions of DNA adducts 
collected from the lung and the skin coeluted with benzo[a]pyrene-DNA adducts 
(9-26% and 8%, respectively), while an as yet unidentified adduct was found 
to contribute significantly to the recovered radioactivity: 3 0 % in the skin and 
8 9 % in the lung. 
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Table 1 Carcinogenicity (according to IARC9 M ) of PAHs and PAH derivatives and their occurrence 
m DE. 
Compound Classification based 
on animal studies 
Reference(s) 
Ofefínes 
1,3 Butadiene 
Ethylene 
Propylene 
Sufficient· 
Inadequate 
Inadequate 
11 
8 
11 
Arometics 
Benzene Sufficient* 8 11 
Aldehydes 
Acetaldehyde 
Acrolein 
Formaldehyde 
Sufficient" 
Inadequate" 
Sufficient" 
PAHs 
Anthanthrene 
Anthracene 
Benzlalanthracene 
Benzololfluoranthene 
Benzo [/Ifluoranthene 
Benzo[Ar]fluoranthene 
BenzoIoTftlfluoranthene 
Benzo[a]fluorene 
Benzololfluorene 
Benzo[o/7/lperylene 
Benzo[a|pyrene 
Benzo[e)pyrene 
Chrysene 
Coronene 
Cyclopentatccflpyrene 
Dibenzlanlanthracene 
Fluoranthene 
Fluorene 
lndeno[123,co1pyrene 
Perylene 
Phenanthrene 
Pyrene 
Triphenylene 
Methyl-PAH 
Э Methylchrysene 
1 Metylphenanthrene 
Nhro-PAHs 
3,7 Dinitrofluoranthene 
3,9 Dinitrofluoranthene 
1,3 Dimtropyrene 
1,6 Dimtropyrene 
1,8-Dinitropyrene 
7-NitrobenzlaJanthracene 
6 Nitrobenzo[alpyrene 
2 Nitrofluorene 
1 Nitropyrene 
4-Nitropyrene 
Limited 
No evidence 
Sufficient 
Sufficient 
Sufficient 
Sufficient 
Inadequate 
Inadequate 
Inadequate 
Inadequate 
Sufficient 
Inadequate 
Limited 
Inadequate 
Limited 
Sufficient 
No evidence 
Inadequate 
Sufficient 
Inadequate 
Inadequate 
No evidence 
Inadequate 
Limited 
Inadequate 
Limited 
Limited 
Limited 
Sufficient 
Sufficient 
Limited 
Limited 
Sufficient 
Sufficient 
Sufficient 
5 
2 34 11 
12 3 11 
238 11 
23 
2 3 11 
1 23 
1234 
23 11 
12 38 11 
1 2 3 4 8 11 
1 2 3 4 8 11 
1234811 
1 28 
2 
1 2 
1 2 3 4 8 11 
234 
238 11 
9 
234 11 
1238 11 
23411 
23 
1 
10 
10 
6 
6 
6 
7 
678 
678 
678 
6 
1, GC/MS (tentitative)", 2, Mass sample spectra"·, 3, GC (retention index)", 4, GC/MS and GC (standard injection)™, 
5, HPLC/Flu"7, 6, GC/NPD", 7, HPLC/FIu and HPLC/ECD"9, 8, GC/MS90; 9, GC/MS", 10, GC/ECD"2, 1 1 , GC/FID and 
HPLC/Flu93, "Evidence of carcinogenicity in humans classified as 'inadequate', "Evidence of carcinogenicity in humans 
classified as 'l imited', 'Evidence of carcinogenicity in humans classified as 'sufficient' 
Alkylated polycycHc aromatic hydrocarbons (alkyl-PAHs). Chemical analysis of a 
fraction that contributed 65-75% of the mutagenicity of a dichloromethane 
extract of diesel soot showed the presence of alkylated phenanthrenes and 
anthracenes up to 20-30 wt%9 4 , suggesting a possible contribution of these 
derivatives to the mutagenicity of diesel particulate extracts. Members of the 
family of alkyl-PAHs in this fraction that have been found to be mutagenic in 
the Salmonella mutagenicity assay (after enzymatic activation by S9-mix) 
include: 2-methylanthracene, 9-methylanthracene, 2-methylphenanthrene, and 
di- and t r imethyl f luorenes9 4 9 5 . Yu and Hites96 suggested that 
methylphenanthrenes and methylfluorenes are major mutagens in DE rather 
than benzo[a]pyrene. The 2-, 3-, 4-, 5-, 6-, 11 - , and 12-isomers of 
methylbenzo[a]pyrene have equal or greater mutagenici ty than 
benzo[a]pyrene97. 
Methyl groups substituted at nonbenzo ring bay region positions of some 
PAHs enhance the mutagenicity in a human hepatoma cell mediated assay98 
and tumor initiation in mice99. Rice and co-workers100 have demonstrated 
carcinogenicity of 1-methylpyrene in the newborn mouse assay. Both 1-
methylpyrene and 1,6-dimethylpyrene induced unscheduled DNA synthesis in 
rat hepatocytes. All of the 1-, 2-, 3-, 4-, 5-, and 6-methylchrysenes have been 
found to be mutagenic and carcinogenic (see Table 1). However, although the 
presence of these compounds was reported in gasoline exhaust and lubricating 
oils, only one isomer has so far been identified in DE86. 
Alkylated PAHs may be as strong as or even more mutagenic and 
carcinogenic than the parent PAHs101. This may result from other types of toxic 
intermediates. In the biotransformation of alkyl-PAHs very reactive sulfate 
esters are formed, whereas in the biotransformation of parent PAHs, epoxides 
are suggested to be the prominent genotoxic intermediates. 
Nitro polycyclic aromatic hydrocarbons (nitro-PAHs). In 1978, Huisingh and co-
workers102 demonstrated elevated mutagenicity of dichloromethane extracts of 
light duty vehicle exhaust particles in the Salmonella mutagenicity assay for the 
first time. Since then, many investigators have tried to identify the classes of 
chemicals responsible for the mutagenicity of DE. This was done by 
fractionating the DE particulate extract and testing the fractions for 
mutagenicity in the Salmonella mutagenicity assay. Nitropyrenes, 
dinitropyrenes, hydroxynitropyrenes, acetoxynitropyrenes, and nitrohetero-
cyclics were identified as major mutagens103"105, responsible for a considerable 
part (30-90%) of the mutagenicity of the DE extract104-106"107. Nachtmann and 
co-workers108 demonstrated the role of 1-NP in the generation of superoxide 
radicals in rat lung microsomes. 
Of the 200-300 nitro-PAHs that have been identified in DE, a small number 
were evaluated for their carcinogenicity by the I ARC9 (see Table 1). Of 15 
compounds that were classified, 10 have been reported as constituents of DE88 
90,92
. The evidence for carcinogenic properties in animals was judged as 
sufficient for five of these (2-nitrofluorene, 1-NP, 4-nitropyrene, 1,6-
dinitropyrene, and 1,8-dinitropyrene). Five others were classified as having 
limited evidence for carcinogenicity in laboratory animals (3,7- and 3,9-
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dinitrofluoranthene, 7-nitrobenz[a]anthracene, 6-nitrobenzo[a]pyrene, and 1,3-
dinitropyrene). Supposing that these compounds have carcinogenic properties 
comparable to those of the parent PAHs, it must be noted that the contribution 
of nitro-PAHs to the DE particles on a weight basis is much lower than that of 
the parent PAHs109. Moreover, implantation of a DE extract fraction containing 
nitro-PAHs in the lungs of rats revealed only a relatively low tumor incidence81. 
Oxygenated nitro polycyclic aromatic hydrocarbons (oxy-nitro-PAHs). The 
contribution to mutagenicity of relatively polar oxygenated (i.e., hydroxy- and 
acetoxy-) derivatives of nitro-PAHs has been emphasized in several 
studies103,109. The specific mutagenicity of these compounds is much greater 
than that of the nonoxidized mono-nitro-PAHs. Because the carcinogenicity of 
these derivatives has not been studied so far, the contribution of oxygenated 
nitrosubstituted PAH species to the carcingenicity remains unclear. 
Oxygenated polycyclic aromatic hydrocarbons (oxy-PAHs). The largest portion 
of direct and indirect mutagenicity in the Salmonella mutagenicity assay of the 
diesel engine exhaust extract was recovered in a moderately polar fraction 
consisting for 60 mole% of oxygenated PAH species110. The remainder of this 
fraction consisted of aliphatic hydrocarbons, phthalic ester contaminants, and a 
small quantity ( <0 .5 mol%) of nitro-PAHs110. The second largest portion of 
direct mutagenicity (9-15% of the total fraction mutagenicity) was found in a 
moderately polar fraction consisting mainly of oxygenated PAHs. These 
derivatives include hydroxy, dihydroxy, aldehyde, anhydride, quinone, and 
ketone groups. Some of these compounds are unstable during analysis90,110. 
In a comparative study of the extracts of DE, cigarette smoke condensate, 
coke oven mains, and roofing tar, Williams an co-workers91 showed that 52.5% 
of the mutagenicity of the DE extract in the Salmonella microsome test was 
found in the polar neutral fraction while for the other environmental extracts the 
major mutagenicity was recovered from the basic fraction and the cyclohexane 
insoluble fraction. Identified nitro-PAHs could account only for part of the 
observed activity. The investigators suggested that the remaining unresolved 
activity may be due to oxygenated PAHs. Similar results were obtained by 
Ciccioli and co-workers111. 
Individual oxygenated PAHs responsible for the mutagenicity have not been 
identified. 9-Fluorenone, an abundant oxy-PAH in DE, was found to be 
nonmutagenic in the Ames assay110. Several aldehydes, ketones, and carboxy 
anhydrides of PAHs have been tested in the Ames assay. They were found to 
have weak or no mutagenic acitivity in Sa/mone/la typhimuriumìì2. 
Certain quiñones induce an extensive production of reactive oxygen species, 
such as superoxide anion (02 ) and hydrogen peroxide (H202) in in vitro cell 
systems113. The mechanism in which these effects are initiated has been related 
to the one-electron reduction of the quiñones by reductases. The semiquinone 
radicals formed reduce dioxygen to superoxide anions, thus regenerating the 
quiñones. The superoxide anions may dismutate into hydrogen peroxide. Both 
superoxide anion and hydrogen peroxide may produce hydroxyl radicals and 
singlet oxygen114. These oxygen radicals are found to be involved in the loss of 
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cellular thiols, in other cellular events, and in both initiation and promotion of 
multistage carcinogenesis116. Benzo[a]pyrene-3,6-quinone and 9,10-
phenanthrenequinone have shown to be mutagenic in the Salmonella 
mutagenicity assay after one-electron reduction116. The significance of quiñones 
with respect to the toxicity of DE is still unclear. 
Heterocyclic polycyclic aromatic hydrocarbons (heterocyclic PAHs). Many PAHs 
containing one or more sulfur atoms in the rings have been identified in 
DEB6.ios.iio-iii.ii7 T n e p r e s e n c e 0 f thiaarenes in DE may be explained by their 
presence in diesel fuel118. It is not clear to what extent these compounds are 
formed during the combustion process. Among the thiaarenes only very few 
compounds have been found mutagenic in the Ames assay118. No attempt has 
been undertaken to calculate the contribution of thiaarenes to the total 
mutagenicity of DE. Although the carcinogenic effects of thiaarenes have not 
been studied extensively, several 4- and 5-ring compounds have been reported 
to possess carcinogenic potential (reviewed by Jacob118). 
The presence of two nitroquinolines has been confirmed, while four others 
have been tentatively identified88. 
Gas phase compounds 
Several compounds present in the gas phase of DE are known as carcinogens in 
animal studies (Table 1). However, only in one study filtered exhaust did induce 
lung tumors in mice5. Iwai and co-workers6 have recorded an increased 
incidence of malignant lymphoma of the spleen in both unfiltered and filtered 
exhaust-treated groups, indicating a possible contribution of gas phase 
components. In rats, exposure to filtered exhaust did not provoke a statistically 
significant enhanced tumor incidence compared to that in control groups3"6,119. 
The considerable amount of ethylene in DE may contribute to the genotoxic 
properties of the gas phase, since this compound is metabolized to the 
alkylating intermediate ethylene oxide120. 
Apparently nonmutagenic constituents of the gas phase, such as N0 2 and 
S02 may modify the development of neoplastic lesions caused by the particles 
and particulate-associated organics121. Such modification might be due to 
effects on the immune system122. However, Gunnison and co-worker123 did not 
find any enhancing effect of inhaled S02 , sulfite, or bisulfite anions on the 
induction of squamous cell carcinoma of the lungs of rats after exposure to 
benzo[s]pyrene by intratracheal instillation. S02 and N0 2 did not induce or 
inhibit benzo(a]pyrene-activating enzymes124. At high concentrations S0 2 was 
found to enhance the frequency of tumor formation in the respiratory tract of 
hamsters exposed to benzo[a]pyrene126. 
Other studies in hamsters and rats with respect to possible cocarcinogenic 
effects of gas phase constituents of DE remained inconclusive126. The gas 
phase was reported to impair long-term alveolar clearance; it may thus extend 
the retention of DE particles in the lung, in this way contributing to an 
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increased lung cancer risk. However, in a more recent study this finding was 
not confirmed6. 
Origin of DNA adducts 
The role of DE in the initiation and propagation of cancer is based on different 
characteristics of the particulate phase, the adsorbed organics, and possibly the 
gas phase. A crucial stage in the induction of tumors is the formation of DNA 
adducts and their replication resulting in mutations involving activation of 
oncogenes or inactivation of tumor suppressor genes. If the damage is not 
repaired it may be expressed and contribute to the transformation of normal 
cells into tumor cells. 
The formation of DNA adducts after inhalation of DE by experimental animals 
was observed in several studies50"53. The identity of the components involved in 
this adduct formation has not yet been elucidated. There are two possible 
pathways of DNA adduct formation: (1) DE contains numerous components 
that are known for their mutagenic or carcinogenic potential (PAHs, nitro-PAHs, 
oxy-PAHs, oxy-nitro-PAHs, alkyl-PAHs, aldehydes, etc.). If these substances 
are adsorbed on particles their clearance is retarded or delayed. In vitro and in 
vivo studies have shown that these adsorbed organics are bioavailable by slow 
desorption (leaching) from the particulate surface of DE and carbon black 
particles74,127130 and possibly by solubilization of the particles with their 
adsorbed organics75 (see Figure 1). Compounds that require bioactivation are 
suggested to be metabolized by alveolar lung cells and bind to lung cell DNA. 
(2) The organic fraction contains substances such as nitro-PAHs and 
quiñones that may generate reactive oxygen species. In a recent study Sagai 
and co-worker131 have reconfirmed this mechanism by showing the production 
of superoxide anions and hydroxyl radicals by DE without biological activation. 
This characteristic disappeared after extraction of the DE particles with 
methanol. Reactive oxygen species may also be formed as a result of the 
inflammatory response to the particulate exposure. Activated alveolar 
macrophages are known to produce these reactive species66. 
Besides provoking cytotoxicological damage to the cells, reactive oxygen 
species may induce specific DNA adducts such as 8-hydroxydeoxyguanosine. 
This hypothesis is supported by the observation of DNA adducts by 32P-
postlabeling in alveolar type II cells after inhalation by rats of carbon black 
particles virtually devoid of PAHs52. In addition to a direct interaction with 
macromolecules and membranes reactive oxygen species may also be involved 
in the activation of PAHs67. 
Synergism of particles and organics 
Heinrich and co-workers132 showed the synergistic effect of particle and PAH 
exposure in an inhalation study in rats. The combined exposure of tar/pitch 
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vapor condensed on carbon black particles (almost devoid of extractable 
organic material) resulted in higher tumor induction rates compared to the sum 
of the rates of lung cancer after exposure to either carbon black or coal 
tar/pitch condensation aerosol alone. It is not clear to what extent these results 
may be extrapolated to DE. PAH levels were rather high compared to the levels 
usually found in DE. However, DE contains many potent mutagens and 
carcinogens (such as nitro-PAHs) in addition to the PAHs that are present in 
coal tar. 
Number of revertants per L exhaust 
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Fig. 2. Mutagenicity in the Salmonella microsome assay of acetone extracts of 
particulates (collected on a filter) and gas phase (collected in a CO¡-condensor and a 
H20 condensor) exhaust emissions from five different fuel/engine combinations. The 
symbols 1 and 2 indicate the results of duplicate testing of the gasoline-fueled vehicle. 
M15 leaded = Leaded gasoline fuel with 15% methanol and 2% isobutanol; MIS cat. 
= Lead-free gasoline fuel with 15% methanol and 2% isobutanol tested in a vehicle 
with a three-way catalyst; LPG = propane'33 (used with permission). 
In another recent study Heinrich and co-workers134 showed that intratracheal 
instillation of extracted diesel soot induced lung tumors. However, the original 
unchanged DE particles caused significant higher tumor rates than the extracted 
soot. This report would also support a possible role of the organics in tumor 
induction. 
There are several possible mechanisms explaining a synergism of particles 
and organics: Particles may act as carriers for the organics. After deposition of 
the particles in the nonciliated parts of the lungs, leaching of organics from the 
particles may lead to a very efficient utilization of the relative small portion of 
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carcinogenic compounds that are retained in the lung after exposure to DE. This 
hypothesis was referred to as the PAH depot effect64. The particles may also 
induce the secretion of cytokines by alveolar macrophages which together with 
epithelial damage may lead to proliferation of epithelial cells71. This may 
increase expression of DNA damage and thus enhance risk of tumor formation 
(see Figure 1). 
Carcinogenicity in relation to exhaust derived from 
fuels other than diesel 
Before the introduction of the catalytic converter, the total PAH emissions from 
gasoline-fueled engines were of the same magnitude as from diesel engines. 
The converter reduced the PAH content of the exhaust to about 5%70. The 
particulate emissions from a gasoline engine equipped with a catalytic converter 
are ca. 3% of those from a diesel engine90. The low PAH content and the very 
low particulate emissions are two characteristics of gasoline emissions that 
could very well explain the lower toxicity as compared to diesel engine exhaust. 
Rannug and co-workers133,135 reported a study of the mutagenicity of the 
particulate phase and the gas phase of exhaust derived from different 
fuel/engine combinations. The tests were run on LDVs in a US72 driving cycle 
with a cold start (0°C). The mutagenicity of the exhaust expressed as 
revertants per liter of exhaust, is presented in Figure 2. The number of 
revertants per liter exhaust is clearly the highest for DE as compared to 
gasoline-derived exhaust. For the other fuels this difference was even greater 
(by up to two orders of magnitude). The mutagenicity of extracts from DE 
resides to a great extent in the particulate phase. In the exhaust extracts of the 
other fuels the mutagenicity is observed mostly in the gas phase. It should be 
noted that in this study the mean exhaust volume of exhaust from the diesel 
vehicle is approximately three times the mean volume of exhaust derived from 
the gasoline-fueled vehicle. When comparing diesel- and gasoline-derived 
exhausts on a revertants per kilometer basis, the differences would be approxi-
mately three times greater than those shown in Figure 2. In gasoline- and LPG-
fueled cars the particulate phase contributed ca. 30% to the direct mutagenicity 
(without S9) in TA98 whereas for TA100 this contribution was approximately 
10%. In diesel vehicles the direct mutagenicity orginating from particles was 
70-75%. Duplicate testing of gasoline-fueled vehicle emissions showed 
considerable variability of the results per test cycle. 
In animal experiments (mouse, Syrian hamster, dog) long-term exposure to 
whole leaded gasoline exhaust by inhalation did not result in an elevated lung 
tumor incidence. Skin tumors were found in mice after skin painting with ex-
tracts/condensates of gasoline exhaust. After intrapulmonary implants (rats) 
and subcutaneous injections (mice) of condensates/extracts, local tumors were 
observed. From these data the IARC evaluated the evidence for carcinogenicity 
of whole gasoline exhaust as inadequate and for the extracts/condensate as 
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sufficient. From epidemiological data no adequate evidence for carcinogenicity 
could be derived9. 
Occupational exposure 
The potential inhalation of DE by persons professionally involved in the 
operation and maintenance of these engines is scarcely studied. Comparison of 
the occupational exposures to DE particles at different workplaces shows a 
wide range of exposure levels covering three orders of magnitude (Table 2). 
Workers in mines are the most exposed to respirable particles136"138. In most 
other occupations persons are exposed in the sub mg/m3 level. Exposures up to 
1 mg/m3 respirable suspended particulate matter (RSPM) can be found in indoor 
workplaces such as store facilities but also in the open air such as customs 
handling trucks139. 
In most studies the exposure is assessed by measurement of the RSPM in the 
breathing zone. This approach does not consider the possible contribution of 
resuspended particles that may have coagulated, reaching diameters exceeding 
the cut-off diameter of the respirable dust sampler. This additional source of 
exposure can be expected in indoor workplaces with intensive traffic of diesel-
powered vehicles139. 
Some investigators exclude the contribution of tobacco smoke by adjustment 
based on nicotine content of the sample140. A procedure which includes adjust-
ment for particles originating from noncombustion sources is based on the 
determination of the carbon content of the collected particles138"139 (see also 
Chapters 2 and 5). 
Exposure of the public 
Presently, no instruments are available for the determination of the exposure of 
the public to DE. Exposures can only be roughly estimated from the total 
suspended particulate matter (TSPM) or black smoke (particles, < 5 / /m, mainly 
consisting of elemental carbon plus organics). The contribution of DE to TSPM 
varies considerably depending on location (highway, rural area, or urban area) 
and the percentage of vehicles that are diesel-powered. 
In 1990 it was estimated that in the Netherlands diesel-powered engines 
contributed ca. 70% of the aerosol emissions derived from mobile sources. The 
contribution of DE to TSPM is calculated to be approximately 11 %141. The year 
average nationwide exposure to TSPM was estimated to be 45 //g/m3 (range 
29-58 //g/m3) in 1990. From these figures can be calculated that the exposure 
to diesel soot would be approximately 5 //g/m3 (range 3-6 //g/m3). This is higher 
than the nationwide exposure as calculated for 1986 in the United States: the 
EPA estimated the mean urban, rural, and nationwide diesel soot concentration 
to be 2.6, 2.4, and 2.6/ /g/m3 , respectively142. 
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Risk estimates 
Three approaches have been used to calculate the risk that humans will develop 
lung cancer following exposure to DE. Albert and Chen1 4 6 extrapolated the risk 
of DE exposure from potencies of substances known to cause lung cancer in 
humans (the comparative potency method). Secondly, Albert and Chen1 4 6 and 
Pott7 0 used data from selected long-term inhalation studies in rodents. Thirdly, 
McClellan and co-workers1 4 7 calculated risk on the basis of data derived from 
epidemiological studies. The result of the risk estimate is a 'unit risk'. This is 
defined as the excess cancer risk from a lifetime exposure to an average 
concentration of 1 //g/m3. Table 3 presents the calculated estimates expressed 
as unit r i s k ^ g V m 3 . 
In the comparative potency method of Albert and Chen1 4 7, in vitro and in vivo 
genotoxicity data of particulate extracts of cigarette smoke, coke oven emissi­
ons, and roofing tar were used to extrapolate the risk of DE, assuming a similar 
mechanism of toxicity. In vitro assays included Salmonella mutagenicity testing, 
SCEs in Chinese hamster ovary cells, and mutagenicity testing in L5178Y 
mouse lymphoma cells. The only in vivo assay used was the mouse skin tumor 
initiation assay. Other tests were negative for all of the comparative potency 
materials used. The calculated average unit lifetime lung cancer risk was 
estimated to be 2.6 χ 10"5 //g"1.m3. The outcome of the comparative potency 
method very much depends on the assumption that DE carcinogenicity can be 
extrapolated from in vitro and in vivo experimental data in the same way as 
carcinogenic potency of cigarette smoke, coke oven emissions, and roofing tar. 
A major difference between DE exposure and these organic combustion 
products is the presence of a carbon core in the DE particulates. The possibility 
of extending the residence time of the adsorbed organics and a possible non-
genotoxic potential of the carbon core itself is believed to be an important 
factor in the inhalation of DE particles. These properties, however, were not 
considered, using the genotoxicity data of organic solvent extracts of the 
combustion products as comparison. 
Albert and Chen also made calculations of estimated risks based on data from 
a lifetime DE inhalation study in rats2, using a linearized multistage extrapolation 
model. This estimate amounted to 1.2 χ 10'5 /yg\m 3 . Pott7 0 published risk 
estimates based on similar inhalation studies in rodents. He recalculated risk 
estimates following the linearized multistage extrapolation model used by the 
EPA, including data from long-term inhalation studies in rodents published by 
Brightwell and co-workers3, Heinrich and co-workers6 and also using the data 
from Mauderly and co-workers2. The results reported in these studies are very 
much consistent7 0 and the risk estimates from analyses of the different studies 
are similar1 4 8. Pott calculated a unit risk of 5.0 χ 10"5 //g"1.m3. Applying the 
maximum likelihood method on the same set of data, an estimate of 2.0 χ 1 0 5 
/ / g \ m 3 was calculated. Pott also used nonlinear (logit, probit) calculation 
models, estimating the risk to be 2.85 χ 10 5 //g"\m 3 . 
Calculation of the human risk of lung cancer from inhalation studies 
performed in rodents includes extrapolation beyond the limits of species. It 
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assumes the mechanism of toxicity in rodents and man to be of the same kind. 
The levels of exposure applied in inhalation studies in rodents are much greater 
than the exposure levels expected in humans. The exposure levels in long-term 
inhalation studies in rodents are 50-65 times the exposure levels of inhabitants 
of street canyons (15 //g.m 3 during 168 h.week M and 6-10 times the high 
occupational exposures (500 //g.m 3 during 40 h.week 1 ) 7 0 . 
The results from animal studies suggest a possible threshold for the 
appearance of lung tumors. Especially at lower exposure levels the estimates 
are extremely sensitive to the choice of the statistical model 1 4 8 This is 
illustrated by calculations made by Pott, using a probit model. This model 
produces excess risk estimates that approach zero very rapidly, simulating a 
threshold below which no tumors are found 7 0 . This model leads to a unit risk of 
0.015 χ 1 0 5 ¿yg1.m3. A mechanistic basis for this model is still to be 
established. 
When results from experimental animal studies are used for estimating human 
risk several uncertainties may occur: 
(a) Exposure levels used in experimental inhalation studies were considerably 
higher compared to levels that may be expected at the workplace. A 
suitable low dose extrapolation model must be developed. 
(b) It is uncertain whether lung burden per lung surface area (mg/cm2) is the 
right dose metric to extrapolate dose from animal studies to humans 
(i.e.dose equivalence assumption). 
(c) Tumors are almost exclusively located in the bronchoalveolar region of the 
lungs while in humans, tumors are located in the broncheal region. 
(d) Normal clearance half times of particles from the alveolar regions of the 
lungs are considerably longer in humans (300-500 days149; > 500 days150) 
than those in rats (50-100 days151). 
(e) So far, models presented for risk assessment, based on animal data are 
not based on biological mechanisms. 
(f) Interaction of coexposure to tobacco smoke or other (nondiesel) 
occupational exposures is not included in the risk estimates. 
(g) Most chronic studies were conducted using only two different inbred rat 
strains (Fisher 344 and Wistar). 
These observations may raise the question if the rat is a good model for 
extrapolation of human risk. 
In 1989, McClellan and co-workers147 published three risk estimates derived 
from epidemiological data. From a study among London transit workers by 
Harris152, they estimated 3 500 lung cancers per year in the population of the 
United States (230 χ IO 6 people living an average of 70 years with 10Б lung 
cancer deaths per year) using a proportional risk model with a calculated 9 5 % 
upper confidence limit. Expressed as unit risk, it amounts to (3 500 χ 70)/230 χ 
IO6 = 107 χ 1 0 5 jug 1 .m 3 . From another study in the same population1 5 3, 
McClellan calculated 860 lung cancers per year applying a proportional risk 
model based on intergroup comparisons with a maximum likelihood estimate, 
expressed as unit risk: 26 χ 10 5 / / g \ m 3 . 
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The third calculation was based on a case-control study by Garshick and co­
workers7 among members of a railroad union. Assuming an exposure of 125 
//g.m 3 for 40 h a week, a risk (expressed as unit risk calculated in a similar way 
as above) of 116 χ 1 0 s //g^.m3 was calculated. At a hypothetical exposure of 
500 ¿/g.m"3 it amounted to 29 χ 1 0 s //g"1.m3. 
Risk estimates calculated from epidemiological data are 1 0 M 0 2 greater than 
the estimates derived from comparative potency modeling and in vitro/in vivo 
toxicity studies. Only the lower 9 5 % confidence limit based on an assumed 
occupational exposure of 500 /yg.m'3 is in the same range as the estimates 
calculated by Albert and Chen1 4 7 and Pott7 0 (see Table 3). 
Major gaps in epidemiological knowledge are: exposure assessment and 
confounding exposure factors such as smoking and coexposure to other 
nondiesel environmental contaminants. The data from the London transit 
workers study1 5 2"'5 3 were not standardized to take into account the contribution 
of tobacco smoking. This is a blind spot that may affect the reliability of the 
derived estimates. In two studies smoking data were available: the study by 
Garshick and co-workers7 among U.S. railroad workers and a recently published 
study among Swedish dock workers by Emmelin and co-workers3 6. In both of 
these studies the lung cancer risk remained elevated after correction for 
smoking. The dataset provided by Garshick presents a more reliable basis for 
risk estimates since it relates to a well-defined population and the results were 
corrected for coexposure to substances known to be lung carcinogens. 
However, the exposure level still remains a matter of uncertainty. In addition to 
the Garshick study exposure estimates were made by determination of the 
breathing zone RSPM concentrations1 4 0 , 1 5 4. These exposures were adjusted for 
the contribution of tobacco smoke based on analysis of the nicotine content. 
This is a rather rough adjustment regarding variability in the nicotine content in 
cigarette smoke1 5 5. These estimates were made over a period of three years 
(1981-1983) and used to reconstruct exposure histories dating back 3-4 
decades. No adjustments were made for the state of diesel technology and 
occupational hygiene over that period. An adequate dose-response relationship 
could not be obtained because of the uncertainty of these exposure estimates 
and a relatively low mortality rate increase. The crude assumptions of the 
average exposure levels made by McClellan4 9 led to a very rough estimate of 
the risk. But this could be improved in future studies if accurate exposure data 
were to become available. Case-referent studies such as the Swedish dock 
workers study do not offer reliable estimates of exposure or smoking status 
since they are usually based on self-reported data. Presently, epidemiological 
data offer limited evidence for the carcinogenicity of DE and the quality of the 
studies is inadequate to be used for quantitative risk estimates. 
The discrepancy of the risk estimate derived from epidemiological data and 
those derived from in vitro and in vivo toxicity studies is remarkable. It suggests 
that more research will be needed to elucidate the mechanism of carcinogenic 
action of DE exposure in humans. 
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Concluding remarks 
Exposure to DE has several acute effects such as irritation of the eyes and the 
upper respiratory tract. These effects may be related to the presence of high 
levels of irritating compounds in the gas phase, such as NOx and S02 , and 
aldehydes. In contrast, the odor cannot be attributed to certain chemical 
substances except for substances with known low thresholds. These 
compounds explain only a small part of the odor. Other effects are caused by 
interactions of CO with hemoglobin. Several nonspecific effects such as 
headache, vertigo, fatigue, nausea, abdominal discomfort, and diarrhea cannot 
exclusively be related to DE. 
Two of the most extensively studied chronic effects among persons exposed 
to DE are lung function decrements and carcinogenicity. Reduced lung 
ventilation and emphysema are recorded among highly exposed persons and an 
increased incidence of lung cancer is observed among people occupationally 
exposed. A small number of studies also suggests a possible relation between 
bladder cancer and occupational exposure. Other chronic effects of DE 
exposure have scarcely been studied. 
Mutagenicity of DE extracts and the detection of DNA adducts in lung tissue 
of animals exposed to DE indicate that the exhaust particles and adsorbed 
organic compounds have genotoxic properties. Several mechanisms of 
carcinogenicity have been proposed in which particulate matter is postulated to 
enhance genetic damage in lung tissue. Moreover, the damage itself may be 
initiated by the genotoxic properties of DE. Studies in experimental animals 
suggest that the particulate phase has tumor-promoting properties. Factors that 
may contribute to a tumor-promoting effect are inflammation, cell proliferation, 
impairment of lung clearance, intrinsic toxicity of particulate matter, and the 
generation of reactive oxygen species. 
The contribution of particle-associated organics depends on two factors: the 
presence of genotoxic substances and the bioavailability of these substances. 
The amount of parent PAHs present in DE extracts cannot account for the 
tumors observed in rodents. The exhaust extract contains several derivatives of 
PAHs with strong genotoxic potencies, such as methyl-PAHs, nitro-PAHs, and 
oxygenated nitro-PAHs. From these derivatives only a few nitro-PAHs have 
been evaluated for their carcinogenicity in mammalian cells. 
Studies investing a direct effect of gas phase compounds on the 
carcinogenicity of particles and particle-associated organics either have proved 
inconclusive or have failed to observe such an effect. However, high expsoures 
to gas phase compounds such as S02 and NOx may exert an indirect effect by 
enhancing impairment of long-term alveolar clearance or adverse effects to the 
immune system. 
The particle-associated organic compounds are made available in the tissue 
by dissolving in physiological fluids. From in vitro studies this process appears 
to be limited to a small fraction of the particle-associated organics. Another 
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mechanism that was recently suggested depends on the solubilization or 
dispersion properties of soot particles by the pulmonary surfactant compounds. 
The relevance of this mechanism remains to be established in vivo. 
Quantitative risk estimates concerning health hazards connected with 
exposure to DE are complicated by the lack of adequeate instruments for 
assessment of exposure. Data on the extent of exposure to DE are urgently 
needed. We consider the development of parameters for exposure an important 
objective in further research. 
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2.1 
Gas chromatographic-mass 
spectrometric determination of nitro 
polycyclic aromatic hydrocarbons in 
airborne particulate matter from 
workplace atmospheres contaminated 
with diesel exhaust* 
Summary 
A method is described for the determination of 1-nitropyrene (1-NP) and 2-
nitrofluorene (2-NF) in low volume ambient air samples (1-150 m3). This method 
is based on acetone extraction by sonication followed by solid-phase frac-
tionation on silicagel, nitroreduction, derivatization with heptafluorobutyric 
anhydride and analysis with gas chromatography-mass spectrometry. On-line 
zinc reduction of nitroarenes was compared with a newly developed reduction 
by sodium hydrosulfide hydrate. This method was validated by the analysis of 
air samples collected from the atmosphere of workplaces associated with the 
use of diesel engines, samples from chassis dynamometer studies, and standard 
reference materials (1587 and 1650). 
Introduction 
Exposure to diesel exhaust (DE) may represent a health hazard. More 
specifically, chronic exposure to relatively low levels of DE may be a risk factor 
in the development of lung cancer13. Because of the presumed health hazards 
methods for accurate exposure assessment are urgently needed2. Nitro 
polycyclic aromatic hydrocarbons (nitro-PAHs) could be useful as indicators of 
airborne DE particulate matter and markers of toxicity because of their 
characteristic appearance in DE4. 1-NP is one of the most abundant nitro-PAHs 
that have been identified in DE5'22. 
* 
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Apart from its presence in DE, 1-NP was reported to occur in other combustion 
processes such as coal, wood and kerosene combustion, in photo-copier toner 
and during aluminium manufacturing6·23"27. However, the levels in these 
combustion emissions (expressed as //g 1-NP/g particles) are usually much 
lower than in DE6. Lower levels of nitro-PAHs have also been observed in the 
exhaust of gasoline-fueled engines6,28. In addition, 1-NP has been reported to be 
nondetectable in cigarette smoke, bitumen fumes and coke oven emissions28'30. 
Relatively high levels of 1-NP were observed in grilled chicken31. However, in 
grilled and smoked sausage and fish that contained considerable amounts of 
PAHs, 1-NP was not detected32. Its isomers 2- and 4- but not 1-NP were 
reported as products of atmospheric transformations33. 1-NP appearing in the 
ambient atmosphere is believed to be primarily originating from combustion 
(e.g. DE emission) sources33"34. 
2-Nitrofluorene (2-NF) is present in the particulate phase of DE emissions as 
well as in the gas phase*·12. Besides in DE1213,17,20,22,28,3538, 2-NF has been 
reported to be present in ambient air samples3940 and in river sediments41 and it 
was tentatively identified in grilled sausage and chicken31"32. 
From a toxicological perspective there are arguments that would support the 
use of 1-NP as a marker for the genotoxic properties of DE: 1-NP is the most 
abundant representative of a group of strong direct-acting mutagens in these 
emissions. It has been suggested to use 1-NP as an indicator of the overall 
direct-acting mutagenicity of DE-derived particulate extracts42 (section 2.2). 1-
NP is associated with the particulate phase of DE and would therefore also be 
associated with constituents that could play a role in the carcinogenic potential 
of DE because these constituents are known to be present in the particulate 
phase of DE3. 
The availability of reliable and sensitive techniques of determination of 1-NP 
in low volume air samples is a basic requirement for the use of this compound 
as an indicator of DE exposure and/or marker constituent for its genotoxicity. 
We have developed a method consisting of a simple sample work-up and 
reliable gas chromatographic-mass spectrometric (GC-MS) determination that 
can be applied for routine analysis. This method was developed and validated 
for workplace air samples. 
Analysis of nitro-PAHs has been reported using reductive electrochemical 
detection8·17·4344, flame-ionization detection16,20,22,38,45, electron capture 
detection10·38·46"47, nitrogen selective detection13-33,48, thermal energy 
analysis10,16·20, electron ionization mass spectrometry5,16·21"22,26'32·45, positive and 
negative ion chemical ionization mass spectrometry16,19,21, negative ion 
atmosperic pressure ionization mass spectrometry46"52, methane enhanced 
negative ion mass spectrometry53, high resolution mass spectrometry35, MS-
MS12,36,54, and Fourier transform infrared spectrometry55. High-performance 
liquid chromatography (HPLC) has been used with UV5,56"57, chemi-
luminescence1516,57, and fluorescence detection5,13,28,40,42"44,56,67. 
1-NP was detected with most of these techniques, while 2-NF was detected 
only with fluorescence detection5,13,39"40,43,58, flame ionisation detection20,31·35,38, 
electron capture detection17,41, chemiluminescence detection15, and mass 
spectrometry12,22,32,35,36. 
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The analysis of nitro-PAHs using gas chromatography (GC) may be 
troublesome because 1-NP may decompose during the GC analysis5 9. 
Nitroreduction and derivatization have been introduced to improve 
chromatographic qualities of the analyte. This pretreatment provides excellent 
chromatographic behavior, higher detection sensitivity1 9 ·3 8 , 6 0 and selectivity, 
such as demonstrated in the sensitive detection of arylamines in biological 
samples61"63. Nitroreduction is usually conducted after fractionation of the 
sample42"44. Metals used for on-line reduction of 1-NP include zinc, cadmium 
and t in 2 8 , 4 3 " 4 4 ' 6 4 . For batchwise reduction the use of NaBH4 and KBH4 catalyzed 
with copper(ll)chloride has been reported3 8 , 4 0. 
The objective of this study was to develop an analytical method for simple 
routine analysis of nitro-PAHs in low-volume ambient air samples. We have 
focused on the determination of 1-NP and 2-NF in samples that were collected 
in workplace atmospheres with DE. 
Materials and methods 
Chemicals 
2-Aminofluorene (2-AF, 98%), 1-aminopyrene (1-AP, 99%), and 1-NP (97%) 
were supplied by Aldrich Europe (Bornem, Belgium). 2-Nitropyrene ( > 98%), 4-
nitropyrene ( > 99%), 2-aminofluoranthene (99%), and 3-amino-fluoranthene 
(98%) were obtained from Chemsyn (Lenexa, MO, USA). 1-Nitro[2Hg]pyrene ( 1 -
N[2H9]P, > 99%) and 2-fluoro-7-nitrofluorene (2-F-7-NF, > 99.8%), used as 
internal standards throughout the analysis, were obtained from Sigma (St Louis, 
MO, USA) and Chemsyn, respectively. Heptafluorobutyric anhydride (HFBA), 2-
nitrofluorene (2-NF, 98%) and granular zinc (30 mesh) were supplied by 
Janssen Chimica (Geel, Belgium). Glass beads (160-250 μπ\) were obtained 
from Tamson (Zoetermeer, Netherlands). Sodium hydrosulfide hydrate (NaSH, 
2 7 % water) was obtained from Aldrich (Steinheim, Germany). Sep-Рак Si 
cartridges were supplied by Millipore (Bedford, MA, USA). Sodium hydroxide 
pellets and ethanol (abs) were obtained from Merck (Darmstadt, Germany). 2-
Amino-7-fluorofluorene (2-A-7-FF) was obtained by reduction of 2-F-7-NF with 
Raney nickel according to Litvinenko and Grekov65. All organic solvents used 
were HPLC-grade (Lab-Scan, Dublin, Ireland). Demineralized (demi) water (tap 
water treated in a Milli RO system, Millipore) and aqua pura (demi water treated 
in a Nanopure system, Barnstead, Boston, MA, USA) were used. Other 
chemicals used were of the highest purity available. 
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Air and diesel exhaust samples 
Total suspended particulate matter (TSPM) was sampled using a high-volume 
sampler (type Gromoz, Agricultural University, Wageningen, Netherlands) 
equipped with an open face sampler head with an entrance opening diameter of 
140 mm. Air was sampled at a flow rate of ca. 1.0 m3/min. Respiratile 
suspended particulate matter (RSPM) was collected using a cyclone with a 5 0 % 
cut-off diameter of ca. 5 μπη at 0.050 m3/min6 e. This fraction slightly 
overestimates the respirable fraction such as defined in the European Standard 
EN481. For RSPM sample collection a medium-volume sampler (consisting of an 
oil-free vacuum pump, a gas meter and a restriction valve) was used. The 
operation of high- and medium-volume samplers was kept under surveillance 
continuously. The flow rate was checked every 15 min and adjusted if 
necessary. Sampling times varied from 2-10 h per filter. The inhalable 
suspended particulate matter (ISPM) was sampled in the breathing zone of 
railroad workers using small-size air sampling pumps equipped with IOM 
sampler heads (Institute of Occupational Medicine, Edinburgh, Scotland). Air 
was sampled at a flow of ca. 0.0020 m3/min using an electronically flow-
controlled personal air sampling pump. The air volumes of these samples ranged 
from 0.5 to 1 m 3 . Particulate matter was collected on PTFE-coated polystyrene 
membrane filters (TE 38, Schleicher and Schüll, Dassel, Germany). The filters 
were placed in an exsiccator prior to weighing. This procedure was repeated 
after collecting the air samples. Gravimetrical determinations were conducted 
using a Mettler AE 163 analytical balance (Mettler-Toledo, Zürich, Switzerland). 
Fresh DE particulate samples were obtained from the TNO Road Vehicle 
Research Institute (Delft, Netherlands). Briefly, samples from heavy duty and 
light duty vehicles (HDV and LDV) were collected on two Pallflex TA60A20 
filters (Pallflex, Putnam, CO, USA), placed in series, under constant pressure 
sampling conditions. In the case of LDV samples, the filters were combined 
with a back-up Amberlite XAD2 adsorbent cartridge for collection of volatile 
PAHs. The filter and adsorbent extracts were combined prior to analysis. 
Apparatus 
For automated reduction of nitro-PAHs an HPLC system consisting of a Spectra 
Physics SP 8800 ternary HPLC pump and a Spectra Physics SP 8875 auto-
sampler equipped with a 50-μΙ loop were used. Final analysis of derivatized 
amino PAHs was performed on a Varían 4300 GC equipped with a Varian 8100 
autosampler and a Varian Saturn 1 lonTrap MS detector. In the ¡nterlaboratory 
comparison at the Agricultural Research Department of the Institute of Quality 
Control of Agricultural Products (RIKILT-DLO, Wageningen, Netherlands) a VG 
Autospec EQ high-resolution (HR) mass spectrometer (VG Instruments, 
Altrincham, England) equipped with an HP5890 gas Chromatograph and an 
HP7673A autosampler (Hewlett-Packard, Palo Alto, CA, USA) were used. 
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Reference materials 
Standard reference material (SRM) 1587 consisting of a methanolic solution of 
7 nitro-PAHs with certified concentrations for 1-NP and 2-NF (Table 1) 
produced by the National Institute of Standards and Technology (NIST, 
Gaithersburg, MD, USA), was kindly supplied by the TNO Institute of 
Environmental Sciences (Delft, Netherlands). The NIST SRM 1650, a DE 
particulate matter with a certified 1-NP content, was supplied by CN Schmidt 
(Amsterdam, Netherlands). This particulate sample was collected from several 
diesel engines with direct fuel injection and would be representative for heavy 
duty engines. 
Table 1. Certified concentrations of 1-NP and 2-NF in the standard reference materials 
used. 
Material Concentration Ц/g/g) 
1-NP 
SRM 1587 8.95 ± 0 . 2 8 
SRM 1650 19 ± 2 
"Not certified. 
The extract of a particulate sample from a Yanmar diesel engine (single 
cylinder; 4 kW full load) fueled with CEC-RF03-A-84 reference fuel was used 
for reproducibility testing. The soot was collected on a glass fibre filter type A/E 
(Gelman, Ann Arbor, Ml, USA) at 100 to 130°C at the beginning of collection 
(for more details see Van Pruissen and co-workers6 7). 
Filter extraction 
The filters loaded with TSPM were cut into pieces. The filter pieces were 
extracted in 25 ml of acetone by sonication for 15 min. The extract was 
pipetted into a large glass tube and reduced in volume under N 2 at 50°C. The 
filter was extracted twice more with 10 ml of acetone by sonication for 5 min. 
The three resulting extracts were combined, reduced in volume to about 5 ml 
under N 2 at 50°C and centrifuged for 5 min at 600 g. The solvent was 
2-NF 
9.67 ± 0.39 
0.27' 
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collected by pipetting into a preweighed glass tube and reduced in volume 
under N2 at 50°C. The remaining residue was washed with 5 ml of acetone and 
centrifuged for 5 min at 600 g. The acetone washing was added to the 
concentrated acetone extract and the solvent was subsequently removed under 
N2 at 50°C. The amount of dry extract was determined gravimetrically. The dry 
extract was dissolved in acetone, sonicated and divided in four preweighed 
glass tubes. Each of the portions corresponded to a sampled air volume of ca. 
25-150 m 3 . The 4 portions were evaporated to dryness under N2 and weighed. 
Two portions were used for nitro-РАН analysis. The third and fourth portion 
were stored at -20°С for future analysis. All of the dry extracts were stored at -
20°C in the dark, until further analysis. When analyzing RSPM, ISPM, and DE 
samples derived from HDV, the whole filters were extracted three times with 
10 ml of acetone. The RSPM samples were divided into 2 equal portions in the 
same way as described above. One of these was analyzed. The other portion 
was kept at -20°C in the dark for future analysis. 
Fractionation 
Extracts of air and DE samples, as well as standard solutions in 
dichloromethane, were fractionated into nonpolar, intermediately polar and polar 
fractions through solid-phase extraction with Sep-Рак Si cartridges on a vacuum 
manifold. After activation of the cartridge with 5 ml of dichloromethane, 200 μΙ 
of sample or standard solution was loaded onto the cartridge8. It was flushed 
with air until all of the solvent had passed through the cartridge. Nonpolar 
compounds were washed from the cartridge with 3 ml of л-hexane and 
discarded. The intermediately polar fraction containing the compounds of 
interest was eluted from the cartridge with 5 ml of dichloromethane. The 
solvent was removed under N2 at 30°С until dryness. 
On-line reduction (method A) 
The fractions containing the nitro-PAHs were dissolved in 200 μ\ of methanol 
and pipetted into glass inserts in crimp-cap vials. Nitro-compounds were 
reduced (overnight) to their amino analogues on a stainless steel 40 χ 3 mm 
I.D. reduction column, filled with granular zinc and glass beads ( 1 : 1 , w/w). 
The column was placed at 40°C in the column oven of an HPLC system. The 
mobile phase consisted of 9 0 % methanol, 10% aqua pura with 15 m/W glacial 
acetic acid and 5 m/W sodium chloride at a flow of 1 ml/min. Aliquots of 50 μΙ 
of fractionated sample solutions in methanol were injected into the HPLC 
system. Fractions of 5 ml of the mobile phase effluent containing the amino-
РАН were collected using a fraction collector (Pharmacia, Uppsala, Sweden). 
The fraction collector was kept in the dark in a N2 atmosphere to prevent light-
induced oxidation of amino-PAHs. To prevent the formation of H2, after the 
reduction column a back pressure was created by installing a stainless steel 
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150 mm χ 4.6 mm I.D. column containing a C1B stationary phase. This resulted 
in a considerable extension of the time needed to process each sample, but was 
preferred over a loss in reduction efficiency because of gas formation in the 
reduction column. Between the pump and the autosampler an oxygen scrubber, 
consisting of a stainless steel 150 mm χ 4.6 mm I.D. column filled with zinc, 
was placed to prevent oxidation of the zinc and thus extending the lifetime of 
the reduction column. Amino-PAHs were extracted from the mobile phase 
effluent after reduction of the volume to ca. 0.5 ml under N2 at 50°C by adding 
2 ml of toluene and 0.5 ml of a 0.3 M sodium hydroxide solution to neutralize 
the acetic acid. After 5 min of centrifugation at 600 g the toluene layer was 
collected and dried under N2 at 50°C. 
The amino-PAHs were derivatized with HFBA to HFB-amino-PAHs by 
redissolving the residue of the aforementioned toluene layer in 100 μ\ of n-
hexane. Next, 20 μ\ of HFBA were added, mixed and kept at 40°C for 30 min. 
The samples were cooled in cold tap water and 1 ml of л-hexane and 0.5 ml of 
aqua pura were added to remove the excess of HFBA. After centrifugation for 5 
min at 600 g, the water layer was carefully removed. The remaining л-hexane 
was removed under N2 at 40°C until dryness. The residue was redissolved in 
50 μ\ of isooctane and placed in tapered inserts in screw-cap vials for analysis 
by GC-MS. 
Reduction using NaSH (method B) 
The nitro-PAHs were reduced by a simple one-tube reduction step adopted from 
Hisamatsu and co-workers5 5. Briefly, an aliqout of 0.5 ml of ethanol and 0.5 ml 
of a 10% aqueous NaSH solution were added to the dried fractionated samples 
and mixed. After 0.5 h incubation at 100°C, 250 μ\ of 1.2 M aqueous sodium 
hydroxyde solution and 3 ml of л-hexane were added. After 3 min 
centrifugation at 1250 g, the л-hexane layer was collected and dried under N2 
at 40°C. The dried residue of the л-hexane layer was dissolved in 100 μ\ of n-
hexane. An aliquot of 20 μ\ of HFBA was added and the sample was kept at 
60°C for 30 min. After cooling in cold tap water, 3 ml of л-hexane were added 
to dilute the sample and 100 μ\ of aqua pura were added to neutralize the 
excess of HFBA. After 3 min centrifugation (1250 g) the water layer was 
carefully removed and the remaining л-hexane layer was dried under N2 at 
40°C. The residue was dissolved in 40 //I of isooctane and placed in a tapered 
insert in a screw cap vial for analysis by GC-MS. 
Analysis by GC/MS 
Aliquots of 1 μΐ of sample followed by 0.5 μ\ of solvent wash (separated by an 
air gap) were injected on-column in a septum equipped programmable injector 
(SPI) at 5 μΙ/s with a 0.1 min post-injection 'hot needle' time. The column 
system consisted of a 2.5 m χ 0.53 mm I.D. deactivated fused-silica retention-
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gap (different brands) and a 30 m χ 0.25 mm I.D. DB-5MS-coated (d f = 0.25 
//m) fused-silica capillary column (J & W Scientific, Folsom, CA, USA). The 
carrier gas used was helium at a column head-pressure of 96 kPa. The SPI was 
programmed from a 1-min hold at 95°C to a final temperature of 280°C at 
90°C/min, with a 10-min hold at 280°C. Separation was achieved 
programming the GC oven temperature from a 1-min hold at 95°С to a final 
temperature of 200°C at 20°C/min, followed by 5°C/min to a final temperature 
of 280°C with a 5-min hold at 280°C. The transfer line and ion source were 
kept at temperatures of 290°C and 235°C, respectively. The mass 
spectrometer was operated in the El mode at an electron ionization energy of 
70 eV. A mass range of m/z 150 - 450 was scanned at a rate of 1 scan/s 
between 10 and 11 min and between 15.5 and 17 min after injection when the 
compounds of interest and their internal standards eluted from the column. 
HFB derivatives of 2- and 4-aminopyrene and 2- and 3-aminofluoranthene 
have an identical mass spectrum as the HFB derivative of 1-AP. These 
compounds were analyzed in order to verify the identity of the peak with the 
same retention time as the derivatized 1-AP standard. The counterexpertise 
analysis parameters were essentially the same, except that the injection was 
splitless at 280°С and the oven temperature was kept at 95°С for 3 instead of 
1 min. The column length was 60 instead of 30 m. The HRMS was operated in 
the EI+ mode at an electron ionization energy of 35 eV. A mass range of m/z 
377.1-396.1 was scanned between 22 and 27 min after injection and a mass 
range of m/z 413.1-423.1 was scanned between 29 and 36 min after injection 
at a rate of ca. 3 scans/s and a resolution of 6000. 
Preparation of standards and calibration 
Stock solutions and dilutions of the nitro compounds and internal standards 
where made in ethanol. In the case of the analysis of RSPM (method B) n-
hexane was used fdr further dilution of the stock. The final concentrations were 
0 to 100 pg///l on-column (method A) and 0 to 900 pg/μΙ on column (method 
B). Just before fractionation, to each dilution internal standard was added with 
a final concentration of 50 pg/μΙ on column (method A) and 120 and 350 pg/μΙ 
(method B) for RSPM and TSPM samples, respectively. Standards used for 
calibration and the SRM 1650 and 1587 were analyzed in duplicate. Ca. 3 mg 
of SRM 1650 was used. Of SRM 1587 a dilution was prepared corresponding 
to a concentration of 100 pg/μΙ on-column. 
Determination of reduction recovery 
The recovery of the on-line zinc reduction was evaluated by comparison of the 
plots of peak areas versus concentration after injection of several dilutions of 
the nitro or amino analogues of the compounds of interest. Dilutions were 
prepared in such a way that final concentrations of 100 to 1000 pg on column 
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were tested. The ratio of the slopes, acquired through linear regression analysis 
of the nitro and amino analogues provided accurate determinations of the 
reduction recovery. 
For method В ethanol solutions of the nitro and amino analogues and of 1-
N[2H9]P and 7-F-2-NF of similar concentrations were prepared. Nitro or amino 
analogues were mixed with internal standard solutions for each one of final 
dilutions ranging from 60 to 540 pg on column. These samples were treated 
with NaSH as if they were samples. 
Estimation of the limit of determination 
The limit of determination was estimated by testing the intraday repeatability of 
the analysis of a DE particulate sample extract spiked with 1-NP and 2-NF in 
the range 1.25-25.0 ng/g particulate matter. This sample was collected from 
the inside of a front wheel cover of a diesel-fueled LDV using a soft brush. It 
was used as a surrogate DE sample, containing a mixture of soot particles from 
various mobile sources. In the sample 1-NP and 2-NF were not detected. Spiked 
extracts were fractionated, and reduced, in triplicate, prior to GC-MS analysis, 
in duplicate. The reduction was conducted using method B. 
Calculations 
The dry acetone extract weights were adjusted for the contribution of solvent 
and filter residues. The correction factor was determined by extraction of blank 
filters, evaporating the solvent under N2 and calculating the dry extract weight 
per mg filter and per ml acetone. A calibration curve was constructed by 
plotting the ratio of the peak areas of 1-NP and the internal standard versus the 
1-NP amount in the solution. The 1-NP levels that were calculated from the 
calibration curve were corrected for the 9 7 % purity of the 1-NP reference. The 
same was done for 2-NF. Results of duplicate analysis were calculated as 
arithmetic means. Differences between the results of the analysis of the series 
of TSPM samples were evaluated in a two-tailed paired Student's r-test. 
Results 
In Figure 1 the mass spectra of reduced and derivatized 1-NP and internal 
standard 1-N[2H9]P are presented. Figure 2 shows the mass spectra of the 
reduced and derivatized 2-NF and internal standard 7-F-2-NF. The quantitations 
in the samples were based on the molecular ions. 
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Fig. 1. Electron ionization mass spectra of reduced and derivatized 1-NP (upper panel) 
and l-Nl'HJP (lower panel!. The molecular ions are m/z 413 and 422. The fragments 
ÍM-197J* (m/z 216 and 225) were formed through loss of COC¿F7. The fragments IM-
224)* (m/z 189 and 198) were formed through loss of CNHCOC^F,. 
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Fig. 2. Electron ionization mass spectra of reduced and derivatized 2-NF (upper panel! 
and 7-F-2-NF (lower panel). The molecular ions are m/z 377 and 395. The fragments 
ÍM-197J* (m/z 180 and 198) were formed through loss of COCf7. The fragments IM-
224]* (m/z 153 and 171) were formed through loss of CNHCOC¡Fj. 
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During the fractionation on Sep-Рак Si recoveries of 1-NP and 2-NF were 
excellent (100.4 ± 3.6 % and 95.2 ± 1.0 %, respectively). The recovery of 
the on-line zinc reduction (method A) amounted to ca. 102% for 1-NP and ca. 
9 3 % for 2-NF. In Table 2 the results of recovery tests of reductions using NaSH 
(method B) are presented. The mean recoveries for 1-NP and 2-NF were 108.4 
± 4.6 and 92.2 ± 4.0 %, respectively. 
Table 2. Recovery of 1-NP and 2-NF after reduction with NaSH. 
Concentrations Recovery (%) 
of 1-NP and 2-NF 
(pg/μΙ on column) 
60 
120 
270 
540 
1-NP 2-NF 
108.3 ± 15.0 
114.8 ± 12.4 
104.0 ± 2.7 
106.5 ± 3.3 
97.3 ± 3.9 
87.8 ± 8.5 
90.5 ± 4.2 
93.1 ± 1.0 
Determinations in triplicate (mean ± SD). 
In Table 3 the extraction efficiencies from the aqeous solution, directly after the 
NaSH reduction, are presented for four different organic solvents. Hexane was 
selected to be used because of the excellent recovery of 1-NP. The recoveries 
for 2-NF were moderate and not much dependent on the choice of solvent. 
Table 3. Extraction efficiencies directly after the NaSH reduction. 
Solvent Extraction efficiency (%) 
2-NF 1-NP" 
Dichloromethane 
Toluene 
Hexane 
Ethyl acetate 
70.6 ± 2.6 
57.7 ± 5.0 
64.4 ± 7.2 
66.5 ± 4.3 
71.3 ± 11.8 
67.0 ± 21.0 
96.8 ± 8.4 
81.0 ± 6.9 
Determinations in triplicate (mean ± SD); " 7F-2-NF was used as internal standard. 
The SRM 1587 was analyzed on four different occasions (see Table 4) 
showing good reproducibility and accuracy for both 1-NP and 2-NF when 
compared to the certified values. Two portions of SRM 1650 were analyzed in 
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duplicate resulting in a 1-NP concentration of 18.0 ± 0.4 //g/g (mean ± SD). 
This was within 5.5% of the certified value. 
Table 4. Repeatability of the analysis of SRM 15B7. 
Day Deviation from 
Concentration (//g/g) certified values (%) 
8.98 
10.96 
7.58 
8.23 
9.13 
8.57 
9.58 
8.68 
0.3 
22.5 
-15.3 
-8.0 
-5.6 
-11.4 
-0.9 
-10.2 
1-NP 2-NF 1-NP 2-NF 
1 
2 
3 
4 
Mean 8.94 ± 1.46 8.99 ± 0.46 -0.1 -7.0 
Determinations in duplicate. 
Table 5 presents the results of repeatability tests for the analysis from DE-
derived particulate extracts spiked with 1-NP and 2-NF. The relative standard 
deviations of determinations in triplicate remained well below 10%, down to 
amounts of 20 pg 1-NP and 2-NF injected on column. 
Table 5. Dilutions of 2-NF and 1-NP spiked into a DE extract and analyzed in triplicate. 
Concentration Relative standard deviation (%) 
on column (pg/μΙ) 
2-NF 1-NP 
10 11.1 9.7 
20 6.9 4.7 
40 1.1 3.8 
80 1.9 4.1 
120 " 0.3 3.0 
160 1.8 2.8 
200 2.2 1.7 
'Analyzed in duplicate. 
GC-MS determination of 1-NP in workplace atmospheres 75 
m 
•σ 
·*· 
о 
Φ 
.2 
α 
о 
5 
5 
α. 
1/1 
Ε 
ο 
•ο 
φ 
с 
Ε 
ÍS 
4-· • 
φ Ο) 
5 = 
и 
2-Е 
η ο Ν 
ο <- ο Ю 4 IDOI 
см со см со 
d o o d 
о о 
о о' 
о см 
со оо 
О O Q 
о о ζ 
(О 
со 
о 
Ύ— 
Q ^ û 
Ζ Ο Ζ 
( 0 CM τ * 05 
«- •* см см 
d d d d 
Ω Ω 
ζ ζ 
со 
со 
Ο Ω 
о ζ 
Ω 
Ζ 
'ί-
Ρ) 
ο 
6 
Ό J -
i E 
*- ~ · ~ 
ο σι 
2 £ 
Μ 
со 
Ο Ω Ω 
ο ζ ζ 
CO ' t ' t 
со •* Ω см 
ò d z d 
Ω 
Ζ 
.- .- Ω Ω 
Ζ 
Φ Φ 
ο. Ε 
Ε = ~ 
( O O P 
ся > Β 
Л І Л 1Л 
оо см t o 
co co co 
ю ю ю ю 
« п м о 
со г- см ·* 
U) О 
' t ю 
со «-
О Ю 
' t со 
со со 
г> 
см 
Ι ­
Ο 
см 
t 
О 
00 
φ 
β» 
"о. 
ся 
с 
φ 
(D 
φ 
Л 
α 1 -
> • 
ΰ 
α 
u. 
φ 
> 
СС 
Q . 
Ο 
Ο . 
φ 
DC 
Ε 
CD 
С 
ε 
см 
t^ 
О 
ІГ> 
<* 
О 
г^  
со 
о 
о о о 
1— 
to 
т™ 
г^  
о о 
M 
ί -
со 
л 
^ 
ι-
Ο) 
см 
Ο о о о 
см 
г^ 
см 
г^ 
ω 
σ> 
о' 
r^  CD 
Ò 
,_ 
Г^  
о 
ю 
т-
•* 
•— 
• * 
'ί-
Ο 
о о о о 
СО 
со 
о 
о 
о 
0) 
Г 
о 
Û D Û 
Ζ Ζ Ζ 
со œ 
in 
t- ю σ> en 
τ- см О со 
о о О О О О 
со г- см 
со О) г~ со 
г Ó о о 
ω 
со * см 
О «- t- Q 
о о о ζ 
•D 
со 
Σ 
cc 
χ ò 
о Ζ Ζ 
іл О 
Tt г·* 
О О 
і*· аз т- ю 
«- со г- см 
03 СП 
Г-. со см in 
о ^  ^  о 
ю m
 Λ ,-, 
г- τ- Q Q 
О О 
Ζ ζ 
со 
со 
О 
Ζ 
-о э 
о α 
in о in 
СМ СО Г"· 
см см см 
ю о 
со in 
Ψ— Τ " 
I D O O U I О О Ю Ю 
СМ О Ю О О > - СО О 
' t *• <t ^ с м с м с м с м 
Ю О І П О 
со «о со со 
* со «- см 
ю i n 
у- О 
см со 
г-
см 
о 
о 
> 
E 
о 
2 ев 
щ СО 
S ob 
О О) 
E 
с 
5 
CA 
. С 
СП 
E 
о 
о 
U 
υ 
E 
со 
χ: U 
E 
э 
с 
E 
< 
а. 
о 
с 
со 
_> 
СО 
О 
£> м 
«Э 
> 
¡Г 
» i' 
Е
 S 
S2 ¿ 
ú δ 
o-a 
СО Э 
(Л со 
ГО |_ 
J 3 со 
с г 
о о 
'.Р о. 
• Ё 
"" о 
χ t 
СЛ а 
1 » 
!» 
•а -о 
о _ 
ja ζ 
с II 
о 
Ü 
ta 
ο υ 
*t 
Φ Ό 
зе-х 
тот 
9.2B¡¿ 
413 
422-
I • ι • I • ι • I • ι • I • ι • I • I • I • ι 
0 1 5 J " ι ι I ' ι ' I
 r
 ι ' Γ •' ' ' ι • ' ' î ' ' ' I ' ' 
• I " > - f • • I —I- f • t '• Г ι " ! • 1 ' Г Т Г | " Γ ί " 9 . , - ι · . , - ^ ! n o p ,
 r 
t ( н і п . ) 
2 4 : 0 0 2 S : M 2 6 : θ θ 
Ιθβκ 
TOT 
e.es¿ 
413 
θ.06κ| 
4 2 2 
1
 • I ' ι • I ' ι ' I ' ' • I ' ' ' I • ' • I • ι • I • ι • I 
'λ, ,Λ,Λ,Λ,Λ, , ,^Λ, (\ , .л/. .л ft, , ,/\/У\,/^/\Л .QM 
l ' I 1 — ι — ι — ι — ι — ι — • — | — ' I ' •—|' '•' ι ι ι — ι - 1 — ' ι I ι ν ι ι — Γ ^ γ -
„ t ( B i n . ) 
Ζ4:θθ 25:θθ 26:θθ 
Fig. 3. GC-MS total ion chrornatogram and single-ion chromatograms at m/z 413 and 
m/z 422 of 1-NP and 1-nitrofHJpyrene, respectively. Analysis of SRM 1650 lupper 
panel) and a TSPM sample collected in a concrete manufacturing facility in the vicinity 
of an operating forklift flower panel). 
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Figure 3 shows the GC-MS total ¡on chromatogram and single-ion 
chromatograms of 1-NP and 1-N[2H9]P. The results of the analysis of ca. 3 mg 
SRM 1650 and of a workplace sample are presented. 
The results of the duplicate analysis (methods A and B) and of the 
counterexpertise (В') of 36 samples of TSPM derived from 12 different 
workplaces and a reference sample are presented in Table 6. In more than half 
of the samples analyzed, 1-NP was detected. Most of the samples with 
nondetectable 1-NP were outdoor samples. Only in 3 out of 22 indoor samples 
1-NP could not be detected using method A. Using method В this number was 
two. In a supplementary single analysis on the GC-HRMS system 1-NP was 
detected in all of the indoor samples and all of the outdoor samples, except for 
the sample collected at the farm. The outdoor samples containing detectable 1-
NP levels were collected on a river vessel close to exhaust pipes of the main 
ship's engine and power supply. In addition to these samples, 1-NP was 
detected using method В in outdoor atmospheres at a level of 36 pg/m3 on a 
busy street crossing in a city centre. On the airport platform a relatively high 
level of 1-NP was detected using method A. The high level of 1-NP that was 
determined using method A was not reconfirmed in the analysis of this 
particular sample using methods В and B'. It may have been caused by 
contamination of the sample. 
Table 7. 1-NP content in extracts of TSPM collected at workplaces associated with the use 
of diesel engines as determined after reduction with NaSH (mean ± SD). 
Source 1-NP N 
Ship's aggregate 
Forklifts (light duty) 
Forklifts (heavy duty) 
Train engines 
Trucks 
Ship's engine 
Platform vehicles 
Passing traffic 
Armoured cars 
Lawn mowers 
Unknown (reference) 
SOF l^g/g) 
11.9 
6.8 
6.1 
6.0 
2.2 
2.0 
1.4 
1.2 
0.49 
0.33 
± 5.6 
± 2.3 
± 2.6 
± 0.13 
± 0.94 
± 0.45 
± 0.025 
0.076 
TSPM (//g/g) 
7.6 
3.2 ± 2.8 
1.2 ± 1 . 4 
1.3 ± 0.8 
0.36 ± 0.035 
0.97 ± 0.57 
0.60 ± 0.23 
0.49 
0.11 ± 0.0014 
0.099 
0.034 
1 
12 
2 
4 
2 
3 
3 
1 
2 
1 
1 
Therefore, this observation was excluded from further (statistical) analysis. The 
two series of results obtained from the analysis of the TSPM samples were 
evaluated in a paired two-sided f-test. We did not observe a difference in 19 
analyzed 1-NP levels using either method A or B. These results correlated 
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significantly (г = 0.85, ρ < 0.0001). The interlaboratory comparison of the 
analysis of a series of 21 samples (B-B') resulted in a correlation coefficient of 
0.92 (p < 0.0001). 
In Table 7 the results of the GC-HRMS analyses are expressed as the 1-NP 
content of the dust (in //g/g dust) and of the soluble organic fraction (SOF) (in 
^g/g SOF). The lowest levels of 1-NP were observed in outdoor samples. The 
SOF and TSPM of the samples collected in the city centre contained more than 
tenfold higher amounts of 1-NP than the sample collected in a forest area (see 
section 2.2 for more details). 
Extracts of RSPM derived from different workplace atmospheres were 
analyzed using method B. In Table 8 the results of these analysis are presented. 
In 10 of the samples 1-NP was detected. Nine of these samples originated from 
indoor workplaces associated with the use of forklifts. One of the samples was 
collected outdoors on a river vessel. We did not detect 2-NF in any of the 
RSPM samples. 
We have identified 1-NP in t w o samples out of a series of ten low-volume 
ISPM samples (0.7 - 0.9 m3) collected in the breathing zones of railroad 
workers during an 8 h working period. The 1-NP levels were 1.84 and 2.90 
ng/m3. The 1-NP content of the dust was 2.74 and 0.87 //g/g ISPM, 
respectively. In the other 8 samples 1-NP was not detected. 
Table 8. 1-NP content in extracts of RSPM collected at workplaces associated with 
the use of diesel engines as determined after reduction with NaSH. 
Facility Sources of DE Sample 
volume 
(m3) 1-NP 
0/g/gRSPM) (ng/m3) 
Repair shop for trains 
Concrete manufacturing 
Chemical plant 
Aluminum rolling 
River vessel 
Train engines 
Forklifts 
Forklifts 
Forklifts 
Ship's aggregate 
23.3 
1.4 
4.5 
21.8 
18.3 
20.3 
20.0 
21.3 
23.8 
30.3 
4.7 
10.6 
4.5 
1.9 
4.2 
5.6 
7.0 
7.7 
5.4 
9.1 
0.48 
3.9 
0.79 
0.63 
0.82 
0.39 
0.31 
1.0 
0.71 
0.72 
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Table 9. Determinations of 1-NP in exhaust derived from trucks during simulated 
driving cycles. 
fo/g/g dust) 
1.94 
1.94 
3.39 
1.94 
2.73 
_b 
_6 
Ja 
U/g/km) 
2.13 
3.28 
6.48 
0.87 
1.37 
0.32 
0.22 
0.36 
Vehicles Driving pattern 1-NP 
Heavy duty Sub urban 
Sub urban 
Urban 
Motorway 
Motorway 
Light duty' European Driving Cycle (cold start) 
European Driving Cycle (hot start) 
US'75 Driving Cycle 
'With oxydation catalyst; "Amount of sampled particulate matter not determined. 
Results of the analysis of particulate matter sampled directly from the tail 
pipe of vehicles tested on a chassis dynamometer are presented in Table 9. A 
modern technology heavy duty engine emitted the highest levels of 1-NP per 
km in an urban driving pattern. The LDV equipped with an oxydation catalyst 
emitted much lower levels of 1-NP per km in three different driving patterns. 
We did not investigate the influence of the catalyst on these emission levels. 
Discussion 
We have presented an accurate and simple method for the detection and 
quantitation of 1-NP and 2-NF associated to airborne particulates derived from 
various sources, mainly diesel fuel combustion. We have demonstrated that the 
1-NP content of fresh and aged DE particulates can be determined from low-
volume air samples. 
The sonication technique that we have used yields quantitative extractions 
from SRM 1650. Supercritical fluid extraction did not provide significantly 
higher yields of 1-NP than extraction by sonication2 2. Acetone was selected as 
an extraction solvent because it very efficiently extracts nitro-РАН from DE 
particulates6 6. Because of lack of accurate methods of spiking DE soot samples 
the efficiency of the extraction procedure could not be determined. 
The fractionation on silica provides sufficient clean-up for samples of aged DE 
particulate matter including the SRM 1650. When analyzing particles sampled 
directly from the tail pipe on a chassis dynamometer further fractionation may 
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be needed. 
Zinc reduction may be used in an on-line reductive treatment of nitro-PAHs 
from environmental samples combined with HPLC and/or GC-MS analysis64. In 
practice, on-line reduction may be troublesome and unreliable because of 
variations in the quality of the reductive column and the complexity of the 
laboratory equipment. 
We have also tested some other materials than NaSH such as tin chloride and 
potassium borium hydride for batch wise catalytic reduction of nitro-PAHs3 8·6 8. 
These methods did not meet the requirements regarding the reduction efficiency 
or caused practical problems during separation of the amino-PAHs. We have 
selected the NaSH reduction because of the excellent recoveries of 1-NP and 2-
NF, its good reproducibility, simplicity, and low cost. 
For determination of the repeatability of the newly developed 1-NP analysis 
(method B), the test sample was analyzed repeatedly. The interday coefficient 
of variation amounted to 7.7% (n = 7). For the series of TSPM samples the 
repeatability was 10.8% for method A and 8.4% for method В (based on a 
series of 17 TSPM samples with detectable 1-NP levels for both methods). The 
reproducibility as calculated from the interlaboratory comparison of the analysis 
of a series of 21 TSPM samples (B-B') amounted to 16.6%. 
The results of the analysis of spiked DE particulate samples demonstrated an 
excellent repeatability for both compounds, indicating a limit of determination 
down to 10 pg on-column. This corresponds to a level of 1-NP and 2-NF as low 
as ca. 1 ng/g particulate matter (with a relative standard deviation of ca. 10%). 
The peak designated as 1-NP signal was not attributable to known 
nitropyrene isomers or nitrofluoranthenes. The HFB derivatives of the 
corresponding amino analogues were injected as standards. The retention order 
was 2-NF < 2-F-7-NF < < 3-nitrofluoranthene < 4-nitropyrene < 2-
nitrofluoranthene <, 1-N[2H9]P < 1-NP < 2-nitropyrene. 
On average particulate emissions from the light duty engines such as used in 
power supplies and in forklifts contained higher levels of 1-NP than heavy duty 
engines with (mostly) direct fuel injection. This is consistent with the 
observation that indirect injected engines (LDVs) tend to have higher 1-NP 
emissions as compared to direct injected engines (HDVs)70. The 1-NP content of 
the dust and of the SOF observed in this study [cf. Table 7) was lower than the 
levels that were observed in freshly emitted DE particles, reported in the 
1980's6-1 1·1 7. 
We detected 2-NF in a sample collected in the vicinity of a power supply of a 
river vessel. The 2-NF content was a ca. 25 times smaller than the 1-NP 
content in the same sample. The sample may have contained a considerable 
amount of freshly emitted DE particles, resulting in a higher level of more 
volatile compounds such as 2-NF. 
The occurrence of 2-NF has been reported several times in fresh (diluted) 
samples collected on a filter directly from the exhaust of a diesel engine running 
on a chassis dynamometer. These samples have shown condensation of lower 
molecular weight hydrocarbons from the gas phase onto the particles7 1, 
suggesting that the occurrence of 2-NF in these samples may be associated 
with the specific sampling conditions in a dilution tunnel 7 2 . Paschke and co-wor-
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kers22 have also identified 2-NF in particulate matter scraped directly from the 
exhaust pipe of a bus engine (sample collection procedure not specified). This 
material may have contained nitro-PAHs that were adsorbed onto particles 
deposited in the tail pipe or formed by conversion of deposited PAHs by passing 
nitrogen oxides. We did not find reports of mass spectral-based evidence of the 
recovery of 2-NF from ambient particles. So far, the only reports have been 
based on fluorescence detection39. 
The analysis of 1-NP from dilution tunnel samples derived from HDV and LDV 
showed that the method needs to be further improved. In the series of HDV 
samples 1-NP was detected in 5 out of 7 samples, whereas in the series of LDV 
samples only 3 out of 16 samples showed detectable amounts of 1-NP. We 
estimate that improvements in sample work-up and/or detection may result in a 
higher score of samples with detectable 1-NP levels. 
We have demonstrated the accurate identification and quantitation of levels 
of 1-NP from low-volume air samples and DE samples using a nonlaborious 
work-up and a current GC-MS technique. The method shows good 
reproducibility and may be used for routine analysis of nitro-PAHs from 
workplace air samples containing DE combustion products. 
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2.2 
1-Nitropyrene as a marker for the 
mutagenicity of diesel exhaust-derived 
airborne particulate matter 
in workplace atmospheres* 
Summary 
The use of 1-nitropyrene (1-NP) as a marker for the occupational exposure to 
diesel exhaust (DE) derived mutagens was investigated in workplace 
atmospheres contaminated with DE from a variety of emission sources such as 
power supplies, forklifts, trucks, caterpillar vehicles, trains, ship's engines and 
vehicles in city traffic. Total suspended particulate matter (TSPM) was collected 
at fixed locations. The 1-NP content in acetone extracts of these samples as 
determined by gas chromatography-high resolution mass spectrometry (GC-
HRMS) varied from 0.080 to 17 //g/g acetone extractable matter, corresponding 
to air concentrations of 0.012 to 1.2 ng/m3. A sample collected in a rural area 
contained 0.0017 ng/m3 1-NP. The mutagenicity of the extracts was tested in 
the Salmonella typhimurium strains TA98 and TA1538 using the 
microsuspension assay with and without metabolic activation by an exogenous 
metabolizing system (rat liver S9 fraction). In addition, the S. typhimurium 
strains YG1021 and YG1024 were used because of their high sensitivity 
towards the mutagenicity of nitro polycyclic aromatic hydrocarbons (nitro-
PAHs). When plotting the air sample extract's mutagenic potency as 
determined in the absence of liver S9 versus the particulate-associated 1-NP 
level, a relatively high correlation (R = 0.80-0.91) was observed in all of the S. 
typhimurium strains. High correlations (R = 0.80-0.93) were also observed 
when plotting the results of mutagenicity testing after activation by S9 versus 
the outcome of chemical analysis. These results show that the 1-NP content of 
workplace air samples is associated with their mutagenic potency suggesting 
that 1-NP may be used as a marker for occupational exposure to DE-derived 
particulate-associated mutagens. 
* 
Scheepers PTJ, Martens MHJ, Volders DD, Fijneman Ρ, Van Kerkhoven M, Noordhoek J and 
Bos RP (submitted) 
Introduction 
The emissions of diesel-powered engines may cause exposure of operators of 
those engines to DE constituents. Especially in indoor workplaces the use of 
diesel engines may give rise to occupational exposure1 9. Epidemiological studies 
have supplied evidence of elevated levels of lung cancer among railroad 
workers exposed to DE10"11. Evaluation of these data together with observed 
lung tumor induction in experimental animals have led to the classification of 
whole DE as a possible carcinogenic risk factor1 2 '1 4. An important problem in the 
epidemiological studies that have been conducted and a pitfall in risk 
assessment is the lack of accurate and specific exposure estimates. Several 
methods have been proposed for environmental monitoring of exposure to DE. 
Some gas phase compounds such as N 0 2 and total aldehydes have been used 
as indicators of DE exposure 1 2 *. Most approaches were based on the 
determination of the exposure to airborne particulate matter (АРМ). The use of 
the concentration of total and/or respirable suspended particulate matter 
(TSPM/RSPM) as markers for DE2-15 is a rather nonspecific approach. Respirable 
particles from combustion sources other than diesel engines as well as particles 
derived from noncombustion sources may interfere with accurate assessment of 
DE exposure. Adjustment of the exposure to respirable particles by the nicotine 
content, was used to account for the contribution of environmental tobacco 
smoke6-16. 
Because of the relatively high content of organic extractable matter of DE 
particles the use of the soluble organic fraction (SOF) of the particles has been 
proposed as a surrogate for DE exposure, using cyclohexane1 or dichloro-
methane5 6 as extraction solvents. 
Specific PAHs in the SOF have been used to characterize exposure to DE: 
benzo[a]pyrene3"4 , 1 5, pyrene, benzo[e]pyrene, benzoto77/]perylene, anthanthrene, 
and coronene3, phenanthrene1 7 or the sum of PAHs15 were used to characterize 
DE exposure. When using phenanthrene as an indicator, the contribution of 
tobacco smoke-derived PAHs appeared to be an important confounder1 7. 
In another approach the exposure to DE particles was estimated by 
determination of the carbon content by colometric determination of carbon 
dioxide after oxidizing the collected dust particles7'9. In this approach airborne 
particulate matter not derived from DE but with high carbon content such as 
coal, would interfere with this exposure estimate. Because of the carbon core 
present in DE particles, this determination would be expected to reflect largely 
exposure to DE-derived soot. A consequence of choosing exposure to carbon 
as a surrogate for DE exposure is neglecting the chemical composition of the 
adsorbed organics and their possible contribution to the carcinogenic potential. 
Genotoxicity, expressed as the bacterial mutagenic potency, may be used to 
characterize carcinogenic combustion products such as PAHs1 8. For PAHs the 
mutagenic potency in bacterial in vitro tests is highly correlated to the 
carcinogenic potency as observed in vivo in experimental animals1 9'2 0. The 
mutagenic potency of the SOF may also account for the possible potentiating 
and/or synergistic toxic effects of organics that are desorbed from DE particles 
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residing in the lungs. In inhalation studies in rats ca. half the dose of [14C]-
labeled B[s]P and [3H]-labeled 1-NP adsorbed on diesel soot was retained in the 
lungs with half times of 8-36 days. The slow release and metabolism of these 
compounds causes exposure of the surrounding lung tissue to genotoxic 
intermediates capable of covalent binding to macromolecules21'23. In rats 
exposed to DE increased DNA adduct formation was observed24. 
In the present study we have investigated the value of 1-NP as a possible 
exposure marker and indicator of the mutagenicity of extracts of DE-derived 
particles sampled from workplace atmospheres. This may be an approach 
leading to more accurate assessment of exposure to DE-derived particles and 
their genotoxic constituents. 
Materials and methods 
Air sampling 
The equipment used for air sampling and the sampling conditions are specified 
in Table 1. A detailed description of the air sampling procedures can be found in 
section 2 .1 . 
Workplaces and weather conditions 
At twelve sites 28 workplaces were selected (see Table 2). At 6 of these sites, 
workplaces were indoor or at least partly indoor. The other 6 sites included 
mainly outdoor activities. The following types of engines were included in the 
study: power supplies, lawn mowers, light duty forklifts ( < 4000 kg lift 
capacity), heavy duty forklifts (> 4000 kg lift capacity), air cargo lift platforms, 
tractors, trucks, caterpillar vehicles, trains, ship's main engines and traffic in a 
city on a busy street crossing (private cars, vans, trucks, busses and taxicabs). 
The study was conducted in the period Februari - July 1992. For every day of 
the survey that included outdoor measurements, the weather conditions of a 
nearby weather station were registered (see Table 2). Measurements of wind 
speed, temperature and relative humidity were also conducted at the 
workplaces. 
Chemicals 
1-Aminopyrene (1-AP, 98.7%) and 1-NP (97%) were supplied by Aldrich 
Europe (Bornem, Belgium). Benzo[a]pyrene (B[a]P, 98%) was obtained from 
Sigma (St. Louis, MO, USA). 1-Nitro-[2H9]-pyrene (1-N[2H9]P, > 99%) was 
obtained from Chemsyn (Lenexa, MO, USA). Sodium hydrosulfide hydrate 
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(NaSH, 2 7 % water) was supplied by Aldrich (Steinheim, Germany). 
Heptafluorobutync anhydride (HFBA) and 2-nitrofluorene (2-NF, 98%) were 
obtained from Janssen Chimica (Geel, Belgium). Isooctane (HPLC-grade) was 
supplied by Lab-Scan Analytical Sciences (Dublin, Ireland). Dimethylsulfoxide 
(DMSO, p.a.) was obtained from Merck (Darmstadt, Germany). Demineralized 
(demi) water (tap water treated in a Milli RO system, Millipore) and aqua pura 
(demi water treated in a Nanopure system, Barnstead, Boston, MA, USA) were 
used. Other chemicals used were of the highest purity available. 
Table 1 Specifications of air sampling equipment and sampling conditions 
Sampled fraction" 
Type of air sampling 
Type of sampler 
Sampling volume (m3) 
Sampling time (h) 
Filter surface (m2) 
Filter typec 
aTSPM = Total suspended particulate matter, RSPM = Respiratile suspended particulate 
matter, ISPM = Inhalable suspended particulate matter, 'Institute of Occupational Medicine, 
Edinburgh, Scotland, CPTFE = polytetrafluoroethylene, PS = polystyrene 
TSPM 
Stationary 
Open face 
125 600 
4 10 
1 5 x 1 0 2 
PTFE/PS 
RSPM 
Stationary 
Cyclone 
5 30 
4 10 
2 0 x 1 0 3 
PTFE/PS 
ISPM 
Personal 
IOM" 
0 5-1 
4 8 
4 9 χ 10^ 
PTFE 
Filter Extraction 
In this study the particulate samples were acetone extracted because this 
solvent is known to extract mutagens from АРМ very efficiently2 5 2 7. The 
mutagens were extracted by sonication which generally results in a better 
repeatability in mutagenicity testing of ambient air and diesel particulate matter 
extracts as compared to Soxhlet extraction2 8. The filters were extracted as 
described in section 2 . 1 . The amount of dry extract was determined 
gravimetrically. The dry extract was soluted in acetone, sonicated and divided 
over four preweighed glass tubes. The portions were evaporated to dryness 
under N2 at 50°C and weighed. Two of the portions were used for mutage­
nicity testing and nitro-РАН analysis, respectively. The other portions were 
stored in the dark at -20°C for other purposes. The dry extracts were stored at 
-20°C in the dark, until further analysis. 
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Analysis of 1-NP 
Filter extracts were analyzed by GC-HRMS as described previously (section 
2.1). Briefly, the internal standard 1-N[2H9]P was added to the extract. Next, 
the extract was pre-cleaned on Seppak Si cartridges (Millipore, Bedford, CA, 
USA), dried under a stream of N2 and reduced with NaSH in ethanol and aqua 
pura. The amino analogues were derivatized with heptafluorobutyric anhydride 
and dried under N2. The residue was dissolved in isooctane and analyzed by 
GC-HRMS. The analysis of derivatized amino-PAHs was performed on a VG 
Autospec Q HRMS (VG Instruments, Altrincham, England) equipped with an 
HP5890 GC and an HP7673A autosampler (Hewlett-Packard, Palo Alto, CA, 
USA) at the Agricultural Research Department of the State Institute of Quality 
Control of Agricultural Products (RIKILT-DLO, Wageningen, Netherlands). 
Mutagenicity testing 
The Salmonella typhimurium strains TA98 and TA1538 were kindly supplied by 
Dr. B.N. Ames of the Department of Biochemistry, University of California 
(Berkely, CA, USA). The Salmonella typhimurium strains YG1021 and YG1024 
were a gift of Dr. T. Nohmi of the National Institute of Hygienic Sciences 
(Tokyo, Japan). YG1021 is equal to TA98(pYG216) and YG1024 is equal to 
TA98(pYG219). The plasmid pYG216 encodes nitroreductase (NR) and provides 
the strain YG1021 with high nitroreductase activity29. The plasmid pYG219 
encodes acetyl-CoA:/V-hydroxyarylamine-0-acetyltransferase (OAT) providing 
overproduction of this enzyme. The enhanced enzyme activities in both YG 
strains increased the sensitivity for the detection of nitro-PAHs. As compared to 
TA98 the increase in sensitivity towards 1-NP amounts to a factor 23.7 for 
YG1021 and a factor 6.6 for YG102430. For the mutagenicity assay only small 
portions of sample (corresponding to 30-150 m3 of sampled air) were available. 
Therefore, the microsuspension method31 was used. This method has a higher 
sensitivity as compared to the standard plate incorporation method32. In this 
study, mutagenicity testing was limited to the particulate fraction of the DE 
since this fraction contains the substances that are held responsible for the 
induction of lung tumors in rats33"37. In a recent study in diesel engine repair 
shops Hammond and co-workers38 have demonstrated the absence of 
mutagenicity in vapor phase samples. 
In order to increase the sensitivity the bacteria were resuspended in Vogel-
Bonner medium instead of PBS. The liver S9 fraction was prepared from male 
Wistar rats, pretreated with Aroclor 125439. In Table 3 the spontaneous 
mutagenicity, the mutagenicity of the organic solvent and the mutagenicity of 
2-NF, 1-NP and B[a]P in the four Salmonella strains are presented. The samples 
that were collected from the workplace air of the aluminum rolling facility were 
toxic to the bacteria, at the lowest dose tested. The mutagenic potencies of 
these samples could not be determined. In the sample from the farm no 1-NP 
was detected. These samples were excluded from further analysis. 
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Calculations 
From determinations of the mutagenicity in triplicate arithmetic means were 
calculated. Dose response curves were constructed from the mutagenicity data 
that were acquired at different dose levels. The slope of the linear component 
was used as an estimate of the mutagenic potency according to Krewski and 
co-workers2 8. From each series of samples collected during one working period 
a time-weighted average (TWA) of TSPM, RSPM, ISPM, 1-NP and mutagenicity 
data was calculated over that period. The mutagenic potencies (rev/m3) per day 
and per workplace were plotted against the 1-NP content of the particulate 
extracts. Linearity was evaluated by regression analysis. 
Results 
In this study we have collected samples of АРМ at workplaces contaminated 
with DE. The 1-NP content of the particulate extracts was determined by GC-
HRMS. The mutagenic potency of each sample was tested in the strains 
Salmonella typhimurium TA98, TA1538, YG1021 and YG1024. We have 
evaluated the association between the extract's 1-NP content and the 
mutagenic potency either in the presence or the absence of rat liver S9. 
The TWA TSPM, RSPM and 1-NP air levels are presented in Table 4. In all of 
the indoor workplaces 1-NP could be detected. In one of the outdoor 
workplaces 1-NP was not detected (turning of hay at a farm). The lowest 
detectable TWA air level was observed at the reference location (0.0017 
ng/m3), whereas the highest TWA levels were observed in indoor workplaces 
associated with the use of forklifts (0.14 - 1.2 ng/m3). The 1-NP content of the 
TSPM varied from 0.018 to 7.8 /t/g/g. Expressed as ng/g acetone extractable 
matter it varied from 0.076 in the reference sample to 17 pg/g in a sample 
collected in the aluminum rolling workshop. The RSPM constituted only a small 
fraction of the TSPM. At several workplaces vast amounts of particulate 
material were suspended into the air (e.g. gardening, lawn-mowing, turning of 
hay, driving of armoured cars). On a few workplaces the collected dust 
consisted mainly of RSPM. Activities on these workplaces mainly consisted of 
vehicle movements on paved roads (traffic circle, airport platform). 
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In Table 5 the personal exposure levels to ISPM are presented. Air levels of 
ISPM in the breathing zones of the workers showed considerable variation but 
remained under 4.0 mg/m3 at all workplaces. The amount of particulate matter 
collected on each of the filters and filter cassettes was too small for further 
mutagenicity testing. 
Table 5. ISPM determined in the breathing zones of persons working in the vicinity of 
diesel-powered engines. 
ISPM (mg/m3) 
No. Workplace GM GSD N" 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Grass verge maintainance 
Gardening 
Storage of chemicals 
Aluminum rolling 
Galvanization work shop 
Concrete manufacturing 
Farming 
Flower auction 
Army driving lessons 
Repair shop for trains 
River vessel 
Airport platform 
All workplaces 
0.4 
0.5 
1.8 
0.6 
0.6 
2.0 
_b 
1.4 
1.2 
1.6 
0.8 
0.6 
1.0 
1.1 
1.0 
1.6 
1.6 
1.5 
1.4 
_b 
1.7 
1.5 
1.7 
1.7 
1.9 
1.9 
2 
2 
11 
6 
6 
6 
_h 
5 
7 
8 
3 
18 
76 
• Number of workers; ь Not determined 
The mutagenic potency of the sample extracts decreased after addition of S9 
(Appendix Α-D). This was the case for most of the samples tested with all of 
the strains. The mutagenic potency per //g dust or dry extract showed 
considerable variation (up to two orders of magnitude). The mutagenicity of the 
air samples (expressed as rev/m3) varied over one order of magnitude. The 
results obtained in the strain YG1024 were a factor 2-5 higher as compared to 
mutagenicity detected in TA98. The mutagenicity of the extracts of indoor 
TSPM samples were significantly correlated with the 1-NP content of the 
extracts (see Figures 1-4). This correlation was observed in all four Salmonella 
strains (with or without S9) that were used in this study. We did not observe a 
significant association between the mutagenic potency and the quantity of 
TSPM or of its SOF. 
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Fig. 1. Linear regression of mutagenic potency and 1-NP content of TSPM samples 
collected from workplace atmospheres. Mutagenicity as determined in the strain 
Salmonella typhimurium TA98 with S9 (upper panel! and without S9 (lower panel). 
Open circles represent indoor samples, closed circles represent outdoor samples. 
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Fig. 2. Linear regression of mutagenic potency and 1-NP content of TSPM samples 
collected from workplace atmospheres. Mutagenicity as determined in the strain 
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Discussion 
In this study we have investigated the suitability of 1-NP as a marker for DE 
mutagenicity. This compound is one of the most abundant nitro derivatives of 
PAHs identified in DE. 1-NP is known to be associated with the exhaust 
particles and was not detected in the semivolatile or vapor fraction1 2. 
Extracts of DE particles exhibit a strong mutagenic potency in the Salmonella 
mutagenicity assay in the absence of an exogenous metabolic system*0. Nitro-
PAHs were observed to contribute considerably to the direct-acting 
mutagenicity4 1. 1-NP itself may not be one of the strongest mutagens among 
nitro-PAHs42 and only a limited portion of the total extract's mutagenicity can 
be attributed directly to 1-NP4344. Nevertheless, the abundance of 1-NP as a 
precursor of dinitropyrenes, hydroxynitropyrenes, and acetoxynitropyrenes was 
observed to be associated with the appearance of these strong mutagens4 1 4 3 4 S 
and is associated with a considerable part of the DE mutagenici ty 4 3 4 6 4 8 . 
Table 6 Parameters of the correlation of the mutagenic potency versus the 1 NP content of 
extracts of TSPM samples (N = 24, Ρ < 0 0001 for all strains with and without 
activation) 
Bacterial 
strain 
TA98 
TA98 
TA1538 
TA1538 
YG1021 
YG1021 
YG1024 
YG1024 
S9 X = 0 
(rev/m3) 
30 
54 
16 
43 
25 
40 
47 
178 
± 
± 
± 
± 
± 
± 
± 
± 
10 
16 
6 
8 
8 
12 
25 
48 
Mutagenic 
potency 
(rev/ng 1 NP) 
231 ± 37 
356 ± 58 
249 ± 21 
230 ± 30 
294 ± 29 
454 ± 45 
868 ± 90 
1132 ± 175 
0 80 
0 80 
0 93 
0 85 
0 91 
0 91 
0 90 
0 81 
In the workplace atmospheres studied, the highest air concentrations of 1-NP 
occurred on workplaces associated with the indoor use of forklifts {cf. 
Appendix Α-D). This is consistent with high DE emissions observed during 
transient load conditions (lifting of heavy loads), but may also be caused by 
higher emissions of nitro-PAHs that are usually observed in light duty diesel 
engines with indirect fuel injection as compared to heavy duty engines with 
direct fuel injection4 9. In addition, most workplaces associated with forklifts 
were indoor (or at least partly indoor) locations that were poorly ventilated. 
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The mutagenicity of the sample extracts observed after testing with the strain 
YG1021 was only 3 0 % increased as compared to the results obtained with 
TA98, independent of addition of S9. Apparently, the overcapacity in 
nitroreductase activity, such as present in YG1021, did not cause much of an 
increase in the mutagenicity of the DE-derived extracts. Nitroreductase activity 
in the strain TA98 was sufficient to activate the nitro aromatics present in the 
particulate extract. This is an interesting observation regarding the discrepancy 
of these results with the mutagenicity of individual nitro-PAHs. In that case, the 
bacterial strain YG1021 showed to be much more sensitive to nitroarenes as 
compared to TA98 (see also Table 3) 5 0 . These results suggest that the 
metabolic activation of nitro aromatic compounds by nitroreduction is 
counteracted by other constituents in the DE particulate extract or that other 
mutagens are involved. 
The highest mutagenicity was observed in the strain YG1024. Enhancement 
of the mutagenicity in the strain YG1024 up to a factor 3, relative to TA98 and 
YG1021, is believed to be caused by further O-acetylation of the ΛΛ 
hydroxylamines as a result of the 15 - 30 times increased levels of the bacterial 
OAT activity5 0"5 1. This confirms the prominent role of nitroaromatic compounds 
to the mutagenic potency of the workplace samples and makes a significant 
contribution of other mutagens (such as suggested above) unlikely. The higher 
sensitivity of the strain YG1024 relative to TA98 was also observed in the 
analysis of outdoor air samples62. 
In the diversity of DE-derived samples collected in this study enhanced OAT 
activity induced a much higher mutagenic potency than enhanced 
nitroreduction activity. Since the O-acetylation is also an essential activating 
biotransformation step in human metabolism, this could also have implications 
for the human toxicity of DE-derived organics. 
The correlation of the mutagenicity with the 1-NP content was studied in 
samples derived from a wide variety of mobile sources in different workplaces. 
The regression analysis showed a high correlation between the 1-NP 
concentrations and mutagenic potencies (in 4 S. typhimurium strains) of the 
TSPM extracts. The regression equations (Table 6) suggest that the 1-NP 
content of the extracts of workplace-derived DE particulate samples can be 
used to assess the exposure to the DE-derived mutagenic potency. This 
correlation was also observed in a study based on outdoor samples collected at 
different sampling sites in the Iwate Prefecture, Japan5 3. 
The mutagenicity level (in the presence of S9 mix) remaining when the 1-NP 
level is extrapolated to zero (equal to the intercept in Figures 1-4) is relatively 
small (ca. t w o times the level of spontaneous mutagenicity. Table 3). In the 
absence of an exogenous metabolizing system the residual mutagenicity is 
much higher suggesting that other direct-acting mutagens not associated with 
the abundance of 1-NP may be present. These mutagens could be nitro-PAHs 
from noncombustion sources such as from photochemical origin or other direct-
acting mutagens. 
The scatter observed in the relation between mutagenic potency and 1-NP 
content may be caused by variations in the physicochemical characteristics 
originating from engine type, use, and maintenance, fuel characteristics, and 
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sampling conditions4 7. Also, ambient factors such as irradiation of sunlight may 
enhance the conversion of PAHs into nitro-PAHs or cause photodecomposition 
of nitro-PAHs64. The chemical composition and mutagenic potency may be 
related to the origin of the collected particles and depend on the wind direction 
during sampling6 5. The mutagenic potency of a single nitro-РАН may also be 
influenced by other constituents in the DE particulate extract6 6. 
Outdoor samples exhibit a relative poor association between the sample 1 -NP 
content and mutagenic potency as compared to indoor samples. Besides 
artifacts introduced by sampling methods and analysis procedures (that may 
become more pronounced in samples with a lower 1-NP content and mutagenic 
potency) the presence of compounds originating from photo-induced chemical 
transformation such as nitroarenes (other than 1-NP) and hydroxylated 
nitroarenes may contribute to the mutagenic potency5 7 '6 8. This may lead to a 
higher mutagenic potency than expected on the basis of the 1-NP content. In 
outdoor samples the relative contribution of 1-NP to the direct-acting 
mutagenicity in TA98 has been reported to be much smaller as compared to its 
contribution in sample extracts from vehicle emissions44. In the present study 
the effect of outdoor specific mutagenicity is the strongest in YG1024 (-S9), 
suggesting the possible involvement of other nitro aromatic compounds than 1-
NP. 
In outdoor air samples collected during november and december at one fixed 
location in Tokyo (Japan) a correlation between the mutagenicity and the АРМ 
concentrations was observed6 2. In another study using data from five different 
locations in Japan during December-March considerable scatter was observed 
when plotting mutagenicity versus the АРМ concentration6 3. The great 
variability in the dust specific mutagenic potencies (rev///g dust) observed in our 
study {cf. Appendix Α-D) indicated that TSPM and RSPM levels cannot be used 
as markers for the mutagenic properties of extracts derived from samples 
collected in workplace atmospheres. Also, the mutagenic potency expressed as 
rev/jt/g dry acetone extract, showed a large variation. This may be caused by 
considerable emissions of soluble organic material derived from other sources 
than (diesel) combustion. Consequently, SOF cannot be used as a marker for 
DE-derived particle-extracted mutagens. In this study the most important 
nondiesel aerosol sources were: organic plant material and soil particles 
(gardening, grass verge maintainance, farming, flower auction and army driving 
lessons), zink chloride and ferrous oxides (galvanization workshop), silicates 
(concrete manufacturing) and welding fumes (repair shop for trains). 
The mechanism of DE carcinogenicity has not yet been elucidated. As a 
consequence, it is not possible to identify specific chemicals as key 
determinants of the carcinogenic risk. Nevertheless, Lewtas1 8 observed a 
correlation between the mutagenic potencies in ТАЭ8 (with S9) and the mouse 
skin tumor initiation potency of a range of combustion emissions. For emissions 
from cokes ovens, roofing (coal) tar and cigarette smoke condensate, the 
relative tumor initiating potency was found to be correlated with the human 
cancer potency. The unit risk estimate of DE for lung cancer (derived from a 
lifetime rodent inhalation carcinogenesis study) fits in this linear relationship, 
suggesting that this model would also apply to DE69. Thus, for DE (and the 
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other combustion emissions) the mouse skin potency could be an accurate 
estimate of the lung cancer risk for human exposure. As a direct consequence, 
the mutagenic potency could also be an indicator of the human lung cancer 
risk. 
In summary, we have studied the use of markers for the genotoxic properties 
of DE emissions by determination of the bacterial mutagenicity of acetone 
extracts of TSPM sampled from atmospheres of workplaces associated with the 
use of a variety of diesel engines. We have observed that TSPM air levels and 
their SOFs cannot be used as indicators of particle-associated mutagenicity 
because of interference by aerosols from nondiesel sources. This study shows 
that 1-NP can be used as a marker in environmental monitoring of paniculate-
associated mutagens derived from DE. For assessment of the internal dose of 
DE-derived mutagenic consituents, the suitability of this marker should be 
explored. We are currently developing methods for biomonitoring of 
occupational exposure to DE by the detection of metabolites of 1-NP in 
biological samples. 
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3.1 
Mutagenicity of urine from rats after 
1 -nitropyrene and 2-nitrofluorene 
administration using new sensitive 
Salmonella typhymurium strains 
YG1012and YG1024* 
Summary 
1-Nitropyrene (1-NP) and 2-nitrof luorene (2-NF), two of the most abundant 
nitro-substituted polycyclic aromatic hydrocarbons (nitro-PAHs) present in 
combustion products such as diesel exhaust (DE), were administered 
intraperitoneal^ to rats at a dose of 5 mg per animal. Urine samples, 1-NP, and 
2-NF were tested in the Ames assay using the newly developed Salmonella 
typhimurium strains YG1012 and YG1024 (overproducing O-acetyltransferase) 
and their parent strains TA1538 and TA98. In urine, collected over three 
periods of 24 h after administration, most of the mutagens appeared during the 
first 24 h. The mutagenicity was found to be a factor 2-30 higher in the YG 
strains when compared to the TA strains. Addition of S9 mix and rat liver 
cytosol both with and without ß-glucuronidase increased the mutagenicity of 
urine samples from 1-NP-treated rats. Addition of ß-glucuronidase revealed that 
a considerable part of the mutagenic metabolites of 1-NP and 2-NF were 
excreted as glucuronide conjugates. The increase in mutagenicity of urine 
samples from 2-NF-treated rats after the addition of rat liver cytosol referred to 
Λ/,Ο-acyl transfer as a step in activating 2-NF to strong mutagens. The high 
sensitivity of the YG tester strains indicated that these strains may be used to 
explore environments where people are exposed to nitro-PAHs, such as 
workplaces with diesel emission sources. 
Scheepers PTJ, Theuws JLG and Bos RP, Mutat Res 260 11991) 393-399 
Introduction 
Nitro-substituted polycyclic aromatic hydrocarbons (nitro-PAHs) and their 
metabolites are known to exhibit potent mutagenicity1'3. Some of them have 
also been found carcinogenic in laboratory animals4-5. 
In the indoor and outdoor environment these compounds are widespread and 
mainly formed as incomplete combustion products. Indoor sources of nitro-
PAHs are kerosine heaters, gas burners, and liquid petroleum gas burners for 
heating and cooking6, wood-burning fire places7, grilled chicken8, and toners9. 
Exhaust emissions from trucks, busses, diesel-powered passenger cars, and 
farm machinery are considered to be major sources of nitro-PAHs outdoors. 
1-NP is the most abundant nitro-РАН in organic solvent extracts of diesel 
soot. It is also the most abundant nitro-РАН in the ambient air and therefore 
often used as model compound in genetic toxicology10. It is considered to 
contribute to the direct-acting mutagenicity of DE particles in the range from < 
1.5%11 to 2 5 % 1 2 . 2-Nitrofluorene (2-NF) is detected in diesel particles in the 
range of 10-20% of the concentration of 1-NP10. 
There is limited evidence of DE to be a human carcinogenic risk factor10. 
Studies involving measurement of the extent of exposure to DE carcinogens are 
urgently needed13. Since nitro-PAHs are typical constituents of diesel soot 
particles, they are to be considered, both individually and as a group of 
compounds, as potential markers of DE exposure. Consequently, metabolites of 
nitro-PAHs excreted by man may be considered biomarkers of exposure to DE. 
Watanabe and co-workers14 have suggested the use of recently developed 
Salmonella typhimurium strains for the detection of mutagenic metabolites 
derived from nitroarenes and aromatic amines. Some of these strains contain 
extremely high levels of O-acetyltransferase (OAT) activity, an enzyme that 
plays an important role in the mutagenic activation of nitroarenes and 
arylamines. 
The presence of mutagenic products in urine is considered to be an indicator 
for exposure to mutagenic chemical products. We have investigated the 
possibility of detecting mutagens in urine of rats after the administration of 1-
NP and 2-NF, in order to study its usefulness for testing human biological 
samples after nitro-PAHs exposure. The newly developed Salmonella 
typhimurium strains YG1012 and YG1024 were used and the results were 
compared with those obtained using the parent Salmonella typhimurium strains 
TA1538 and ТАЭ8. In spite of the sensitivity of the new strains it is obvious 
that there are limitations to this approach: usually humans are not exposed to 
just one compound but rather to a mixture of many compounds of different 
chemical structure and little is known about the human uptake and fate of nitro-
PAHs adsorbed on particles. 
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Materials and methods 
Chemicals 
1-NP (97%) was purchased from Aldrich (Milwaukee WIS, USA). 2-NF (98%) 
was obtained from Janssen Chimica (Beerse, Belgium). Bacterial ß-
glucuronidase was obtained from Sigma (St Louis, MO, USA). All other 
chemicals used were of the highest purity obtainable. 
Bacteria 
The Salmonella typhimurium strains TA1538 and TA98 were kindly supplied by 
Dr. B.N. Ames, University of California (Berkely, CA, USA). The Salmonella 
typhimurium strains YG1012 and YG1024 were a gift from Dr. T. Nohmi and 
Dr. M. Watanabe of the Division of Mutagenesis, National Institute of Genetics 
and Mutagenesis (Tokyo, Japan). 
Animals 
In each experiment three homebred male Cpb:WU (Wistar) rats of conventional 
microbiological status weighing about 330 - 350 g were used. The rats were 
housed in stainless steel metabolism cages designed for the separate collection 
of urine and feces. The animals were provided with RMH-TM pellets (Hope 
Farms, Woerden, Netherlands) and tap water ad libitum. 1-NP and 2-NF were 
clearly dissolved in olive oil at 37°C under nitrogen to prevent oxidation. Each 
of three rats was given a single dose of 5 mg 1-NP ¡ntraperitoneally (i.p.). Three 
animals of another group received 2-NF i.p. at the same dose. Urine was 
collected before administration of the nitro-PAHs and every 24 h for a total of 3 
days after administration. Urine samples were frozen (-20°C) until the assays 
were performed. Before assaying, the individual samples were completed to 25 
ml in order to be able to compare the results. Next, the urine samples were 
sterilized by filtration through 0.2-//m membrane filters. 
Mutagenicity testing 
Mutagenicity of 1-NP and 2-NF and of the urine samples was determined using 
the Salmonella typhimurium strains TA1538, TA98, YG1012, and YG1024. 
YG1012 is equal to TA1538/1,8-DNP6 (pYG213). pYG213 encodes OAT and ß-
lactamase. YG1024 is equal to TA98 (pYG219). pYG219 contains an excess of 
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OAT activity. YG1012 shows higher enzyme activity than YG10241 S. Portions 
of 0.1 ml of a nearly full-grown suspension of the bacteria (2 χ 10 9 bacteria/ml) 
were added to the top agar, containing 0.1 ml test sample in DMSO or 0.3 ml 
of diluted urine. To this mixture were added varying volumes of an activating 
enzyme system consisting of one or two of the following components16: (a) 0.5 
ml S9 mix, prepared according to Maron and Ames17, containing 50 μ\ hepatic 
9000 g supernatant from phenobarbital-pretreated rats and a NADPH 
regenerating system; (b) 0.4 ml liver cytosol, equivalent to 100 mg fresh liver, 
derived from nonpretreated rats; (c) 0.1 ml of a sterile ß-glucuronidase solution 
(1500 U/ml). Mean values ( ± SD) of determinations in triplicate of the number 
of revenant colonies per plate are presented. 
Results 
Table 1 shows the appearance of mutagens in urine of rats after the 
administration of 1-NP. The mutagenicity was detected using Salmonella 
typhimurium strains TA1538, TA98, YG1012, and YG1024 in the presence of 
several bioactivating enzyme systems. Table 2 demonstrates the appearance of 
mutagens in urine of 2-NF-treated rats, tested with the same Salmonella strains 
and enzyme systems. 
For both 1-NP and 2-NF, most of the mutagenic metabolites were excreted 
during the first 24 h after administration. In the urine samples collected at the 
second day after administration the number of revertants per plate dropped to 
about 50% or less of the initial level. In urine samples of the third day the 
mutagenicity was decreased to about the level that was found in the samples 
collected just before administration. 
The OAT-overproducing strains YG1012 and YG1024, exhibited a much 
stronger sensitivity towards urine samples of rats treated with 2-NF and 1-NP 
than strains TA1538 and TA98. The increased sensitivity of YG1012 for the 
mutagenicity of nitro-РАН urinary metabolites over TA1538 amounted to a 
factor 2-10. For the strain YG1024 an increase up to a factor 30 over TA98 
was observed. 
Most of the mutagenicity in urine samples of 1-NP-treated rats was detected 
after addition of S9 mix in the presence of ß-glucuronidase. When only S9 mix 
was added, the mutagenicity detected with TA 1538 and TA98 did not change 
appreciably. In strains YG1012 and YG1024 ß-glucuronidase markedly 
contributed to the mutagenicity. None of the additions led to detoxification of 
the 1-NP metabolites. 
Urine samples from 2-NF-treated rats revealed most revertant colonies after 
addition of cytosol and ß-glucuronidase. In all four strains used, S9 mix acted 
as a deactivating system showing a reduced mutagenicity compared to when 
no additions were made, and the lowest mutagenicity when compared with any 
of the other enzymatic activating systems. 
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In Table 3 we have presented the numbers of revertant colonies after in vitro 
testing of 1-NP and 2-NF in strains TAI 538, TA98, YG1012, and YG1024. The 
compounds were assayed in the presence and absence of S9 mix. The YG 
strains were nearly a factor 100 more sensitive to the in vitro mutagenicity of 
1-NP and 2-NF than the TA strains. Strain YG1024 seemed more sensitive to 
the mutagenic activity of 1-NP than YG1012. By contrast, YG1012 appeared to 
be more sensitive to 2-NF than YG1024. 
In all four strains used, the mutagenicity of 2-NF metabolites decreased when 
S9 mix was added compared to when no addition was made. This 
demonstrates the detoxifying properties of S9 mix towards 2-NF. 
Discussion 
The Salmonella typhimurium strains YG1012 and YG1024 show an increased 
sensitivity towards urinary metabolites of 2-NF and 1-NP as suggested by other 
investigators14"15. 
The 1-NP that was used in this study contained 3% impurities. It is possible 
that these impurities may be constituted of dinitropyrenes that, because of their 
relatively high specific mutagenicity, contribute significantly to the mutagenicity 
found in this study. However, in this way the composition of the technical-
grade 1-NP used, actually reflects that of environmental samples, in which 
dinitropyrenes are present as a few percent of the amount of 1-NP18"20. 
In contrast to 2-NF, urinary metabolites originating from 1-NP were strongly 
activated after addition of S9 mix. This could be explained by the in vivo 
reduction to 1-AP and by the presence of nitropyrene phenols and acetyl-
aminopyrene derivatives in urine. These products have shown to be more 
mutagenic in TA98 than 1-NP21 and are considered to be major rat liver 
metabolites in vitro22 and in rats in vivo after i.p. administration21. In vitro 
results show that dinitropyrenes are inactivated by cytochroom P-450 enzymes 
in rat liver microsomes23. This means that if the dinitropyrene derivatives 
contributed to the increased mutagenicity after addition of S9 mix, this would 
be due to the reduced and/or acetylated products. These are known to be 
reactive metabolites24. 
Addition of ß-glucuronidase did not affect the observed activity in TA1538 
and TA98. In YG1012 and YG1024, however, the addition of ß-glucuronidase 
caused a more than twofold increase in mutagenicity. This suggests that 
significant amounts of hydroxynitro and acetylamino species were excreted as 
glucuronides which can be deconjugated and finally activated after addition of 
S9 mix. 
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Addition of exogenous rat liver cytosol containing high activity of N,0-
acyltransferase25"26 increased the mutagenic activity of the urinary metabolites 
from 2-NF-treated rats in strain YG1024, which means that acetylated 
metabolites play an important role in the conversion of 2-NF metabolites into 
strong mutagens. In TA1538 and TA98 an increase in mutagenic activity was 
only observed after the addition of cytosol in the presence of ß-glucuronidase, 
thus suggesting that metabolites reduced by the intestinal bacteria were 
acetylated and conjugated, whereas most probably some of the nitro-
substituted species remained at least partly unconjugated. On the other hand 
the relative increase in mutagenicity towards strains YG1012 and YG1024 after 
addition of ß-glucuronidase suggests that some nitro- and amino-species 
present as glucuronides were deconjugated and subsequently activated by 
bacterial enzymes. The same increase in activity was observed in urine samples 
from 1-NP-treated animals. 
Ball and co-workers21 reported that most radioactivity was excreted 24 h 
after i.p. administration of 10 mg/kg 1-nitro[14C]pyrene. This finding is in good 
agreement with the course of excretion of mutagenic products in urine in this 
study. For 2-NF most of the mutagenic metabolites were excreted during the 
first day. Möller and co-workers27 found highest direct (-S9) and indirect ( + S9) 
mutagenicity in the urine of rats towards TA98 during the first 6 h after oral 
administration of 2-NF. 
In the present study the Salmonella typhlmurium strains YG1012 and 
YG1024 have been shown to be sensitive to the mutagenic activity of 1-NP and 
2-NF. Other investigators have also described that these strains are very 
sensitive and respond specifically to the mutagenic action of nitro-PAHs and N-
substituted heterocyclic compounds14-17. This high sensitivity suggests that 
these bacterial strains are useful for exploring workplaces with DE emission 
sources. Surface contaminants (wipe test), АРМ and perhaps biological (urine) 
samples are suggested as materials to be studied. However, the extreme 
sensitivity of these bacterial strains for nitroarenes and aromatic amines may 
also lead to the detection from confounding sources when environmental 
exposure is being studied. In this respect Einistö and co-workers28 have 
demonstrated the high sensitivity of Salmonella typhimurlum YG1024 to urinary 
mutagens due to cigarette smoking. 
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3.2 
Assessment of occupational exposure 
to diesel exhaust. The use of an 
immunoassay for the determination of 
urinary metabolites of nitrarenes and 
polycyclic aromatic hydrocarbons* 
Summary 
In a repair shop for train engines a pilot study was conducted to investigate 
occupational exposure to diesel exhaust (DE). 1-Nitropyrene (1-NP) was 
determined in stationary sampled total suspended particulate matter (TSPM) 
collected on two consecutive workdays. Air concentrations of particulate-
associated 1-NP varied from nondetectable to 5.6 ng/m3. In spot urine samples 
collected on Sunday, Monday and Tuesday, urinary metabolites of PAHs and 
their nitro-substituted derivatives were determined using an immunoassay. In 
the urine samples of three diesel mechanics both cumulative and average 
excretion of urinary metabolites over 48 and 72 h were significantly enhanced 
(p < 0.05) as compared to the excreted levels in urine samples from two office 
clerks. 
Introduction 
Diesel engines are widely used in industry and agriculture. Operators and 
persons working in the vicinity of these engines are potentially exposed to DE. 
Because of the probable human carcinogenicity of this exposure1"3, methods for 
accurate exposure monitoring are urgently needed2. A first step in the quantita-
tion of occupational exposure to DE is the choice of a relevant marker. This 
should be a compound that represents the toxicological relevant properties of 
constituents of the diesel combustion products. Based on carcinogenicity 
studies in animals the carcinogenic potential of DE can be assumed to be 
located exclusively in the particulate matter4"8. 
* Scheepers PT J. Thuis HJTM, Martens MHJ and Bos RP, Toxicol Lett 72 (1994) 191-198 
Therefore, this marker should be present in the organic fraction adsorbed onto 
the soot particles. The nitro-PAHs constitute an interesting category, for two 
reasons. First, the vast amount of air supplied to the combustion process at 
high temperatures is characteristic for the diesel combustion process. This leads 
to the formation of NO x and HN0 3 . These compounds can bind to PAHs and 
highly reactive PAH free radicals and thus form nitro-PAHs9"10. A considerable 
number of these compounds are particle-associated. Second, nitro-PAHs 
constitute a group of reactive compounds that are known to exhibit genotoxic 
activity1 1"1 3 and represent a considerable part of the genotoxic properties of DE 
particulate matter1 4. 
Our department is developing and validating methods for biological monitoring 
based on the choice of 1-nitropyrene (1-NP) as a marker for DE exposure. A 
competitive ELISA based on the determination of PAH and PAH metabolites in 
urine samples was developed using an antibody with high affinity to 1-
aminopyrene (1-AP, a metabolite of 1-NP in rodents)1 5. With this approach the 
excretion of urinary metabolites was studied among persons occupationally ex­
posed to DE. 
Materials and methods 
Chemicals and biochemicals 
1-AP (99%), 1-NP (97%) and sodium hydrosulfide hydrate (with 2 7 % water) 
were supplied by Aldrich (Bornem, Belgium). 1-Nitro[2H9]pyrene was obtained 
from Chemsyn (Lenexa, MO, USA). Heptafluorobutyric anhydride (HFBA) was 
supplied by Janssen Chimica (Geel, Belgium). Sep-Рак Si and Sep-Рак C,8 
cartridges were supplied by Millipore (Milford, MA, USA). All organic solvents 
used were of HPLC-grade (Lab-Scan, Dublin, Ireland). Other chemicals used 
were of the highest purity available. 6-Amino-benzo[a]pyrene covalently bound 
to BSA was kindly supplied by Dr. T. Vo-Dinh, Oak Ridge National Laboratory 
(Oak Ridge, TE, USA). The antibody 4D5 was a gift from Dr. R.M. Santella, 
Columbia University (New York, NY, USA). 
Air sampling and 1-NP analysis 
Total suspended particulate matter (TSPM) was sampled using a high-volume 
sampler equipped with an open face sampler head having an entrance opening 
diameter of 140 mm. Air was sampled at a f low rate of ca. 1.0 m3/min. 
Respirable suspended particulate matter (RSPM) was collected using a cyclone 
with a 5 0 % cut off diameter of ca. 5 //m at 0.050 nvVmin16. Samples of TSPM 
and RSPM were collected on two spots in a repair shop for diesel-powered train 
engines. Airborne particulate matter (АРМ) was collected on a PTFE-coated 
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polystyrene filter (TE 38, Schleicher and Schüll, Dassel, Germany). Inhalable 
suspended particulate matter (ISPM) was sampled in the breathing zones of the 
workers at a f low rate of 2.0 χ 10"3 m3/min. The dust impacted on the filter was 
dried in an exsiccator over 24 h and determined gravimetrically. The filters 
loaded with TSPM were extracted three times with acetone by sonication and 
dried under nitrogen. The nitro compounds were reduced using sodium 
hydrosulfide hydrate and purified on Sep-Рак Si. The amines were derivatized 
with heptafluorobutyric anhydride and analyzed by GC-MS with electron 
impaction using 1-nitro[2H9]pyrene as an internal standard. The reproducibility 
of the determination of 1-NP was excellent (coefficient of variation 3.8%, η = 
7). A more detailed description of this procedure is given in section 2 . 1 . 
Urine samples 
Urine samples were collected among six nonsmoking male subjects who 
worked in a railroad facility. Three of them were diesel engine mechanics, one 
was an electrician and two were office employees. The workers were asked to 
collect urine samples in a measuring glass, to register the volume, and to 
transfer a volume of ca. 90 ml into a polypropylene jar with a screw cap. Urine 
samples were collected over a period of 72 h. The first urine produced after 
awakening in the morning was designated as the first spot urine sample of the 
coming 24 h period. The samples were treated as follows. After activating the 
Sep-Рак C i e , 10 ml of the urine sample was applied. The cartridge was washed 
with 10 ml of a 40/60 mixture (v/v) of aqua pura and methanol (see also 
section 3.3). The compounds of interest were eluted with methanol, dried under 
a gentle stream of nitrogen, dissolved in a small volume of methanol and mixed 
1 : 10 with PBS buffer, pH 7.4. The samples were assayed in duplicate in a 
competitive ELISA as described in more detail in section 3.3 1 7 . The assay was 
calibrated using dilutions of 1-AP in methanol. Samples that caused inhibition of 
antibody binding of more than 8 0 % were diluted and assayed again. The 
coefficient of variation of determinations in duplicate amounted to 2 1 % (n = 
11). From the inhibition of antibody binding as determined in the competitive 
ELISA the concentration was calculated and expressed as equivalents of 1-
AP/mol creatinine (yymol/mol crea) using the calibration curve of 1-AP in 
methanol. 
Statistical analysis 
Differences were evalutated using a Student's f-test (one-tailed) for unpaired 
observations. Differences with a p-value of 0.05 or less were designated to be 
significant. Statistics were calculated using Instat software. 
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Results and Discussion 
The time-weighted average (TWA) concentrations АРМ are presented in Table 
1. АРМ concentrations are considerably higher in the repair shop as compared 
to the office. Particulate matter originating from DE appears in the respirable 
fraction. Therefore, differences between TSPM and RSPM air levels suggest 
that a considerable part of the АРМ is not primarily derived from DE. The 
progress of levels of TSPM and 1-NP during the shift are presented in Table 2. 
In the hours preceding the morning shift DE emissions were high because diesel 
trains entered the repair facility using their own engines. This may explain the 
enhanced levels of АРМ and 1-NP recorded at 8:30 h. The changes in АРМ air 
levels during the shift may be caused by several activities such as welding, 
grinding, and scouring. DE is emitted during engine test runs of a few min. 
each. An exhaust scavenging system is present but is not of sufficient capacity 
to prevent DE from dispersion into the workplace atmosphere. The magnitude 
and changes in 1-NP concentrations can be explained by the time and 
frequency of engine test runs. This number was three on Monday and thirteen 
on Tuesday. On Monday 1-NP was not detectable. On Tuesday the TWA 
concentrations of 1-NP were 2.3 and 1.7 ng/m3 (locations A and B, 
respectively). 
Table 1 : TWA concentrations of АРМ (mg/m3). 
Monday 
TSPM RSPM ISPM 
Office -" 0.04 <0.1 
Repair shop 0.58 0.18 <0.1-0.9 
'Not determined. 
On Tuesday the magnitude and the progress of 1-NP air levels is consistent 
with the time and frequency of test runs (see Table 2). The highest levels (with 
a peak of 5.6 ng/m3 between 13:45 and 15:22 h) were reached shortly after a 
series of more than ten engine test runs. Because of the distance of the 
sampling spot from the running train engines it is conceivable that there is a 
time lag between the moment of exhaust emission and the moment of 
registration of the 1-NP peak level. 1-NP levels in the work atmosphere 
observed in this study were found to be 1 to 2 orders of magnitude greater 
than levels recorded in ambient air of urban areas of industrialized countries1. 
Tuesday 
TSPM RSPM ISPM 
0.03 <0.3 
0.24 0.07 0.5-3.3 
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The TSPM and RSPM levels determined by stationary air sampling were not 
consistent with the time and frequency of engine test runs. TWA levels of both 
TSPM and RSPM were higher on Monday than on Tuesday. Meanwhile, both 
the number of test runs and the 1-NP air level were found to be lower on 
Monday than the levels determined on Tuesday. These results suggest that in 
this case TSPM and RSPM do not reflect the intensity of emissions of DE. 
Urine samples were purified on Sep-Рак C1 8. The sample work-up was 
introduced to minimize the background inhibition and to enhance the selectivity 
to detect 1-AP (see also section 3.3). Washing the cartridge with methanol : 
water (60/40 v/v) yielded a recovery of 1-AP of 7 2 % (coefficient of variation 
3.6%), together with a low background crossreactivity with compounds in the 
urine matrix. When this method was used to determine 1-AP spiked in urine 
samples, a high correlation with a HPLC-based analytical chemical 
determination method was achieved ir = 0.995, π = 6). The samples from the 
electrician were excluded from further analysis because of the low level of 
creatinine excretion as well as the small registered volume of urine collected 
over 72 h indicating inaccuracies in urine collection and/or a possible deviation 
in renal physiology. 
Table 2: Air levels of TSPM and 1-NP (as determined in TSPM) expressed as TWA over the 
time interval Indicated. 
Monday 
Ab 
Ν' 
0 
0 
3 
0 
Time interval 
(h) 
0 9 : 1 0 - 10:05 
10:16- 11:23 
11:30- 14:25 
14:30- 16:00 
TSPM 
(mg/m3) 
0.29 
0.18 
1.01 
0.21 
1-NP 
Particulate Air concen-
matter tration 
(//g/g dust) (ng/m3) 
ND' ND' 
ND' ND' 
ND' ND' 
ND' ND' 
Tuesday 
A" 0 
4 
5 
4 
0 
6 
7 
0 8 : 3 0 - 10:05 
10:10- 11:50 
12:00- 13:40 
13:45 - 15:22 
15:25- 16:05 
0 8 : 4 0 - 13:45 
13:50- 15:22 
0.24 
0.27 
0.14 
0.38 
0.26 
0.21 
0.26 
3.8 
6.6 
3.6 
16 
14 
4.2 
15 
0.8 
0.9 
0.5 
5.6 
3.8 
0.9 
3.9 
"Number of train engine test runs in the given time interval; locat ion A, between tracks 2 and 
3; location B, between tracks 4 and 5; 'Not detected. 
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The course of excretion of metabolites in urine samples (6-10 samples per 24 
h), was not associated with the time of the day or with the time interval of the 
shift. The cumulative excretion of metabolites over a 24-h period in diesel 
mechanics was found to be a factor 1.7-2.0 higher as compared to the level 
observed in urine samples from office clerks (see Table 3). These differences 
were observed on any of the three days, including Sunday. Statistical testing of 
these differences indicated that these were only of marginal significance. The 
excretion over two consecutive work periods resulted in statistically significant 
differences between urine samples collected from diesel mechanics as 
compared to the samples collected from the office clerks. Including the work-
free Sunday in the analysis did not alter this result. 
Table 3: Total of 1-AP eq. excretion (nmol) in urine samples from workers in a repair shop 
for diesel (train) engines collected over 24 h (mean ± SEM). 
Sun Mon Tue Mon + Tue Sun + Mon + Tue 
Office clerks 136 ± 87 144 ± 8 158 ± 13 302 ± 23 438 ± 64 
(n = 2) 
Diesel mechanics 256 ± 21 288 ± 49 268 ± 37 556 ± 58* 812 ± 66* 
(n = 3) 
* ρ < 0.05. 
The average excretion over 24, 48 and 72 h is presented in Table 4. Again 
the difference in 24 h average excretion is only marginally statistically 
significant when comparing high and low exposed workers. However, the 
average metabolite excretion over two and three days is significantly enhanced 
in samples collected among diesel mechanics as compared to the samples from 
office clerks. 
We suggest that the enhanced cumulative and average excretion of urinary 
metabolites observed on Sunday in diesel mechanics may be the result of 
exposure on preceding workdays. The urinary excretion of metabolites of 
(nitro)PAHs may represent exposure over several days, referring to very slow 
kinetics of compounds that are involved in this exposure. Based on the results 
from exposure of experimental animals to PAHs and nitro-PAHs coated on 
particles two possible explanations may be given. First, slow excretion of DE-
derived organic compounds may be related to the slow process of leaching of 
adsorbed organics from the carbon core of diesel soot particles deposited in the 
nonciliary part of the lungs. The bioavailability of the organics adsorbed onto 
these paricles was confirmed when rats were exposed to 1-NP coated on DE 
particles by nose-only inhalation and intratracheal instillation1 8"2 0. Second, diesel 
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soot particles deposited on the ciliated part of the lung epithelium may be 
cleared from the lungs by the mucociliary escalator, followed by ingestion of 
the soot particles. Organic compounds may become bioavailable in the 
enterogastric pathway as observed in experimental animal studies of Ί-ΝΡ 
coated on diesel soot particles2 0 and on 6 7 Ga 2 0 3 particles1 8. The observed 
enhanced excretion of metabolites observed in the present study suggests that 
the observed slow kinetics of organics derived from diesel soot particles in 
rodents may also be present in humans. The slow kinetics of excretion of 
compounds adsorbed onto soot particles after occupational exposure requires 
further studies. 
Table 4: Average level of 1-AP eq. (¿/mol/mol creatinine) in 24-h urine samples from 
workers in a repair shop for diesel (train) engines (mean ± SEM). 
Sun Mon Tue Mon-Tue Sun-Mon-Tue 
Office clerks 7.9 ± 4.8 9.5 ± 0.4 9.0 ± 1 . 1 9.2 ± 0.8 8.8 ± 0.9 
(n = 2) 
Diesel mechanics 12.8 ± 1.0 14.0 ± 2.0 13.3 ± 1.5 13.6 ± 0.9* 13.3 ± 0 .4** 
(n = 3) 
* ρ < 0.05; * * p < 0.01. 
The antibody used in this study is known to interact preferably with large 
PAHs (see section 3.3)2 1. Polar groups on the nitrogen of 2-aminofluorene, such 
as an hydroxy or an acetyl group did not significantly alter antibody binding1 7. 
However, hydroxy groups substituted to the polyaromatic moiety seem to 
decrease antibody binding2 1. Crossreactivity may be caused by competitors 
present in the urine sample. Based on the characteristics of antigen-antibody 
interactions, (metabolites of) parent PAHs and their nitro derivatives are the 
most important contributors to inhibition of antibody binding2 2. 
In this pilot study only nonsmoking subjects were included. Analysis of spot 
urine samples from nonoccupationally-exposed subjects revealed a mild respons 
of the assay to the composition of urine samples from smoking subjects (data 
not presented). For a further validation of the method we have extended the 
study on railroad workers including smokers as well as nonsmokers (see section 
3.3). An accurate method for the quantitation of the uptake of DE compounds 
is essential for prevention of health hazards by setting priorities in hygienic 
measures at workplaces with high DE exposure. Reliable exposure assessment 
is also important for epidemiological studies directed to elucidate the presumed 
human carcinogenicity of occupational exposure to DE. 
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3.3 
Immunochemical detection of 
metabolites of parent and nitro 
polycyclic aromatic hydrocarbons in 
urine samples from persons 
occupationally exposed to 
diesel exhaust* 
Summary 
An immunochemical assay was developed for the detection of metabolites 
excreted in urine as a result of occupational exposure to PAHs and nitro-PAHs. 
These metabolites were analyzed in a competitive ELISA, using an existing 
antibody (4D5) that has been developed against 6-aminobenzo[a]pyrene 
coupled to bovine serum albumin (B[a]P-BSA). A solid-phase extraction (SPE) 
work-up procedure was optimized by dilution of pooled urine samples from rats 
exposed to 1-NP, in human urine. The application was validated by comparison 
of test results with urinary-excreted 1-hydroxypyrene (1-OH-P) levels in a study 
among 28 railroad workers. Excretion of urinary metabolites was determined 
over two consecutive workdays. The 24 h-average excretion of metabolites as 
determined in the immunoassay was not related to levels of particulate matter 
in the breathing zones of workers, nor to excreted 1-OH-P levels. However, it 
was significantly associated with the personal dust exposure of the day before 
(p < 0 . 0 0 0 1 , η = 20), suggesting slow excretion of urinary metabolites. 
Smoking habits caused minor interference (p < 0.1). 
Introduction 
Immunoassays are important analytical tools for screening purposes in 
environmental sciences because of their sensitivity and low costs1. The use of 
these tests in biological monitoring has been advocated2. 
* 
Scheepers PTJ, Fijneman PHS, Beenakkers MFM, De Lepper AJGM, Thuis HJTM, Stevens D, 
Van Rooi) JGM, Noordhoek J and Bos HP, Fresenius' J Anal Chem (in press) 
They could become an important method for prescreening large numbers of 
samples in order to select positive samples for more laborious cleanup and 
analysis on a costly instrument1. We are aware of only a few reports of 
immunoassays that are presently being used for biological monitoring by urinary 
metabolite analysis36. More extensive use of immunoassays has been reported 
in the field of occupational exposure monitoring of DNA adducts and protein 
adducts that are formed as a result of exposure to combustion products6'13. 
Using an immunoassay for the detection of urinary metabolites could be 
particularly valuable in the case of occupational exposure to incomplete 
combustion products, because of the characteristics of this exposure: many 
subjects are exposed to relatively low levels of incomplete combustion products 
such as in diesel exhaust (DE) exposure. As a consequence, large numbers of 
samples should be analyzed to identify (groups of) workers that are highly 
exposed to DE. 
Some attempts to identify persons that have been occupationally exposed to 
DE by analysis of urinary mutagenicity have failed because of a lack of sensiti-
vity and specificity of the methods used14"18. Similar results were obtained for 
biological monitoring of exposure to other combustion products such as coke 
oven emissions17"18 and to aluminum smelter emissions19. Specifically the 
interference of tobacco smoke and diet-related urinary mutagens may cause 
serious bias20. 
A similar conclusion as to low sensitivity and tobacco smoke interference can 
be drawn when considering the use of thioether excretion by persons that have 
been exposed to combustion products18-21. In the last decade 1-OH-P has been 
used as a urinary metabolite indicative of occupational exposure to PAHs2223. 
Recently, reports have been published about the use of this method for the 
assessment of exposure of school children to air pollutants from urban sources, 
presumably road traffic24. 
PAHs and their derivatives appear in DE, adsorbed onto soot particles that are 
formed during the combustion process25. The particles together with the 
associated organics are classified as possible human carcinogens26. The PAHs 
and nitro-PAHs in the organic fraction comprise several compounds that are 
suspected carcinogens27. In this paper we describe the development and 
application of an immunoassay for the detection of urinary metabolites of PAHs 
and their nitro derivatives (nitro-PAHs). 
Materials and methods 
Chemicals and biochemicals 
2-Acetylaminofluorene (2-AAF), 2-aminofluorene (2-AF, 98%), 1-AP (99%), 1-
NP (97%), diethanolamine (97%) were supplied by Aldrich (Bornem, Belgium). 
Anthracene, phenanthrene and pyrene (all of p.a. quality) were obtained from 
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Serva (Heidelberg, Germany). Benzo[a]pyrene (B[a]P, 98%) and benzo[e]pyrene 
(98%) were supplied by Sigma (St. Louis, MO, USA). 1-hydroxy-2-acetylamino-
fluorene (1-OH-2-AAF) was a gift from Dr. E. Kriek of the Netherlands Cancer 
Institute (Amsterdam, Netherlands). 1-OH-P was supplied by Janssen Chimica 
(Geel, Belgium). Sep-Рак C,e cartridges were purchased from Millipore (Milford, 
MA, USA). p-Nitrophenyl-phosphate disodium (NPP) and Tween 20 were 
supplied by Sigma (St. Louis, MO, USA). Newborn calf serum (NCS) was 
obtained from Life Technology (Paisley, Scotland). Alkaline phosphatase-
conjugated affinity purified rabbit anti-mouse immunoglobulins (IgG-AP) were 
purchased from Dakopatts (Glostrup, Denmark). 6-Amino-benzo[a]pyrene 
covalently bound to bovine serum albumin (B[a]P-BSA) was kindly supplied by 
Dr. T. Vo-Dinh, Oak Ridge National Laboratory (Oak Ridge, TE, USA). The 
antibody 4D5 was a gift from Dr. R.M. Santella, Columbia University (New 
York, NY, USA). Demineralized (demi) water (tap water treated in a Milli RO 
system, Millipore) and aqua pura (demiwater treated in a Nanopure system, 
Barnstead, Boston, MA, USA) were used. All organic solvents used were of 
HPLC-grade (Lab-Scan, Dublin, Ireland). Other chemicals used were of the 
highest purity available. 
3-, 6- and 8-Hydroxy-1-acetylaminopyrenes 
Briefly, 1-acetoxypyrene was prepared from pyrene (98%, Janssen Chimica) 
with lead tetra-acetate (95%, Janssen Chimica) according to Van den Braken28. 
1-Acetoxypyrene was nitrated with ammonium nitrate ( > 9 9 % , Merck, 
Darmstadt, Germany) and trifluoroacetic acid anhydride ( > 9 9 % , Merck). The 
acetoxynitropyrenes were reduced to their hydroxy analogues with hydrazine 
( > 9 8 % , Aldrich) catalyzed by Raney nickel (50% slurry in water, Janssen 
Chimica) as a catalyst2 9. The aminohydroxypyrenes were fractionated on TLC 
and purified on silica. They were acetylated with acetyl chloride ( > 9 9 % , 
Merck) providing the hydroxy-1-acetylaminopyrenes. The chemical structure of 
3-hydroxy-1-acetylaminopyrene was verified by means of 300 MHz 'H-NMR 
(acetone-d6/TMS) spectroscopy. Although the 6- and 8-hydroxy isomers were 
separated on TLC, they could not be distinguished on the basis of their NMR 
spectra. Other NMR methods such as correlated spectroscopy and nuclear 
Overhauser effect measurements did not provide confirmation of the chemical 
structures of these two isomers. The NMR spectra had the following 
characteristics: 3-hydroxy-acetyl-1-aminopyrene: nH NMR: δ 2.62 [s, ЗН, -
C(0)CHJ, 8.24 [t, H 7 ], 8.33 [d, H9/H1 0], 8.46 [d, H9/H1 0], 8.47 [d, H4/H6], 8.50 
[d, H6/H8], 8.64 [s, H2], 8.80 [d, H4/H5] ppm; 6- or 8-hydroxy- 1-acetylaminopy-
rene (6/8-0H-AAP I): 1H NMR: δ 2.59 [s, ЗН, -С(О)СНз); 8.05-8.79 [8Н, агот.] 
р р т ; 6- or 8-hydroxy- 1-acetylaminopyrene (6/8-ОН-ААР II): δ 2.60 [s, ЗН, -
C(O)ChU); 8.03-8.82 [8Н, агот.] р р т . 
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Animals 
Three female homebred Cpb:WU (Wistar) rats, 8 weeks of age, were housed 
individually in stainless steel cages that were designed for separate collection of 
urine and feces. Room temperature varied between 20 and 22°C and relative 
humidity between 60 and 70%. The rats received orally 1.0 mmol 1-NP per kg 
body weight. The compound was administrated as a solution in sunflower seed 
oil (OPG, Utrecht, Netherlands). The animals were provided with RMH-TM 
pellets (Hope Farms, Woerden, Netherlands) and water ad libitum. Urine was 
collected in glass containers before administration of 1-NP and every 12 h for a 
total of two days after administration. Urine samples were frozen (-20°C) prior 
to analysis. 
Apparatus 
Absorbances of spiked samples were analyzed on a Titertek microplate reader 
type Multiscan II 340 MC (ICN Biomedicals, Costa Mesa, CA, USA). Urine 
samples were analyzed using a Molecular Devices Thermomax kinetic 
microplate reader (Molecular Devices, Menlo Park, CA, USA). The plates were 
washed on a Maxline plate washer (Molecular Devices). Urinary 1-OH-P levels 
were determined on an Varían HPLC system (Walnut Creek, CA, USA) 
consisting of a Varían 9010 autosampler and a Varían 9010 HPLC pump, 
equipped with a Spark Holland Mistral column oven (Spark Holland, Emmen, 
Netherlands), a Jasco 7820-FP fluorescence detector (Jasco, Tokyo, Japan) 
and a Varían Star data system. 1-AP was analyzed on a Spectra-Physics HPLC 
system (San Jose, CA, USA) consisting of a Spectra-Physics SP 8876 
autosampler and a Spectra-Physics SP8800 ternary HPLC pump, equipped with 
a Spark Holland SpH99 column thermostat, a Shimadzu RF-530 fluoresecence 
detector (Shimadzu, Kyoto, Japan), a Shimzadzu RF-530 fluorescnece detector, 
a Spectra-Physics Datajet integrator and a Spectra-Physics Winner data system. 
Air sampling and urine collection 
A detailed description of the procedures for the collection of air samples is 
presented in section 2 .1 3 0 . Urine samples were collected in a measuring glass, 
to register the volume, and to transfer a volume of approximately 90 ml into a 
polypropylene jar with a screw cap. Urine samples were collected over a period 
of 48 h. The first urine sample produced after awakening in the morning was 
designated as the first spot urine sample of the coming 24 h period. Samples 
were stored in the dark at 4°C for no more than 24 h and kept at -20°C prior 
to analysis. 
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Urine hydrolysis and creatinine analysis 
The urine samples were thawed and mixed. Next, a volume of 20 ml of 0.1 M 
acetate buffer, pH 5.0 was added to an aliquot of 10 ml urine. The pH of the 
diluted urine sample was adjusted to 5.0 by adding 1.0 N HCl. This mixture 
was incubated overnight with 12.5 μ\ of ß-glucuronidase/arylsulfatase (100 000 
Fishman U/ml and 80 000 Roy U/ml, respectively, Boehringer, Mannheim, 
Germany) in an electrically controlled shaking water bath at 37°C. The analysis 
of creatinine was based on the reaction of this compound with alkaline picrate 
and colorimetrie determination of the creatinine picrate complex at 505 nm31. 
Sep-Рак C18 Solid-phase extraction 
The urine samples were treated by SPE to achieve sample enrichment and 
purification. This procedure was optimized using the urine samples of rats that 
were treated with 1-NP by gavage. Either pre- or post-exposure rat urine 
samples were pooled and diluted in human urine (pooled equivalent portions 
obtained from twelve male subjects). Half of each diluted sample was 
hydrolyzed with ß-glucuronidase/arylsulfatase. The other portion remained 
unhydrolyzed but in order to correct for the volume effect of adding acetate 
buffer and enzyme solution, aqua pura was added, instead. Precipitates were 
removed by centrifugation for 5 min at 600 g. All samples were precleaned by 
SPE in duplicate: aliquots (10 ml) of both portions were extracted using Sep-
Pak C1B. The column material was activated by subsequent washings with aqua 
pura (10 ml), methanol (10 ml), and aqua pura (10 ml). Next, aliquots of 10 ml 
of each sample were applied. Different mixtures of methanol and water were 
used to wash the solid phase (Figure 4). The samples were eluted with 5 ml 
methanol. The samples were dried under a gentle stream of nitrogen at 40°C 
and dissolved in 200 μ\ of methanol. These concentrated eluates were analyzed 
for inhibition of antibody binding as described below. The rat urine samples 
were diluted in human urine until an inhibition of 50-70% was reached when 
testing the final dilution. The dilution factor was 1:100 and 1:775 for 
unhydrolyzed and hydrolyzed test samples, respectively. From the test results 
of the dilutions of post-exposure rat urine in human urine and the dilutions of 
pre-exposure rat urine in human urine a response factor was calculated. The 
response factor is defined as the ratio of the analyte concentration in urine of 1-
NP-treated rats, diluted in human urine, and the concentration of the analyte in 
urine of the rats before the treatment with 1-NP, diluted in human urine. This 
factor is proportional to the response of the assay to urinary 1-NP metabolites 
and was used to select the most efficient SPE procedure. 
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Competitive ELISA 
A 0.1 M carbonate buffer (30 π\Μ anhydrous Na 2 C0 3 , 70 mi l i NaHC03, pH 9.6) 
was prepared as a coating buffer by filtration over a 0.45 //m membrane filter 
(type HA, Millipore, Milford, MA, USA). B[a]P-BSA was coated 1 ng/well on 
polystyrene flat-bottomed microwell plates (Costar 3590, Costar, 
Badhoevedorp, Netherlands) by overnight incubation of the plates with B[a]P-
BSA in coating buffer at 4 °C . The coated plates were dried and kept in the 
dark at 4°C prior to use. A phosphate buffer in saline (PBS, 25 M 
Na 2 HP0 4 .2H 2 0, 1.5 M KH2P04, 150 m/W NaCI, and 3.0 m/W KCl, pH 7.4) was 
prepared and filtered. Prior to the assay Tween 20 was added to the PBS buffer 
to reach a final concentration of 0.05% (v/v) (PBS-T) and NCS was added to a 
portion of PBS-T to a final concentration of 0.15% (v/v) (PBS-N-T). The plates 
were washed with PBS-T and dried. In order to prevent aspecific binding, per 
well 200 μ\ of PBS-N-T was added and the plates were incubated for 1 h at 
37°C. After drying, 50 μ\ of the analyte was added per well. The antibody 4D5 
was diluted and added to the well to reach a final dilution of 1:2000. The plates 
were incubated for 1.5 h at 37°C. After thoroughly washing the plates with 
PBS-T, they were dried. A dilution of 1:1000 of the second antibody (IgG-AP) 
was prepared and portions of 100//I were added to the wells. After incubating 
for 1,5 h at 37°C the plates were washed with PBS-T and rinsed with a filtered 
substrate buffer (1.0 M diethanolamine with 0.7 m M MgCI2, pH 8.6). Aliquots 
of 100 μ\ NPP in substrate buffer (300 m/И) were added to each well. The 
plates were incubated for 0.5 h at 37°C and the absorption was determined on 
a microplate reader at 405 nm. 
Calibration 
The ELISA was calibrated using dilutions of 1-AP in methanol, that were mixed 
1:10 in PBS-T to reach final concentrations ranging from 3 to 200 pmol/well. 
When analyzing urine samples, every day a calibration curve was constructed. 
In addition, on every plate a standard of 10 pmol 1-AP per well was analyzed. 
These values were used to adjust for small interplate variations. The outcome 
of the immunoassay was expressed in //mol 1-AP per ml urine and after 
adjustment for the creatinine content in //mol 1-AP/mol creatinine. Because 
other structurally similar urinary constituents may also contribute to inhibition of 
antibody binding the results were expressed as 1-AP equivalents (1-AP eg. 
//mol/mol creatinine). Every day a sample from a large quantitity of pooled 
human urine samples was analyzed in duplicate in order to monitor interday 
variations due to storing, work-up, or assay conditions. The immunoassay was 
externally calibrated by comparative analysis of a series of dilutions of 1-AP in 
human urine by HPLC-Flu on a 150 χ 4.6 mm i.d. stainless steel column with 
Nucleosil C i e (10//m, Machery-Nagel, Düren, Germany) thermostatted at 40°C 
and with a linear mobile phase gradient of 70 to 88% methanol in aqua pura in 
9 min. 
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Crossreactivity testing 
Solutions of anthracene, phenanthrene, pyrene, B[a]P, and benzo[e]pyrene, 
were prepared in methanol. We also included the analysis of methanol dilutions 
of metabolites of 1-NP (1-AP, 3-OH-AAP, 6/8-OH-AAP I, and 6/8-OH-AAP II) 
and of 2-NF (2-AF, 2-AAF, and 1-OH-2-AAF) in the characterization. 
Displacement curves were constructed by plotting the amount of IgG-AP bound 
to 4D5 (B), expressed as a percentage of the amount of binding in the absence 
of added competitor (B0), against the amount of competitor added (dose). The 
dose was expressed in fmol per well. The displacement curves were fitted using 
the four parameter logistic model of Rodbard and Hutt3 2. From the fitted 
equation doses at 5 0 % inhibition were calculated3 3. At 0.1 times the 5 0 % 
inhibition level crossreactivity in the low dose range was calculated according 
to the 10% error method 3 4 . 
Sensitivity, precision and accuracy 
The repeatability of the immunoassay was estimated by the coefficient of 
variation. This parameter was calculated from duplicate work-up and analysis of 
the urine samples collected from railroad workers. The sensitivity of the assay 
was calculated from the logistic fit of the calibration curve of 1-AP at 50 ± 1 
% inhibition. The accuracy of the assay was calculated by comparison of the 
results of the immunoassay with the HPLC-Flu analysis (of 7 dilutions of 1-AP 
spiked in pooled human urine ranging from 0.5 to 6μηηοΙ/Ι). 
Creosote workers 
Urine samples were collected on a free day and the subsequent workday from 
three male workers involved in creosote treatment of wooden sleepers. A 
detailed description of the workplace can be found in section 3.2 2 3 . The urine 
samples were hydrolyzed as described before and the 1-OH-P levels were 
determined2 2. The methanol solutions from the C i e work-up were subsequently 
analyzed in the immunoassay. 
Railroad workers 
Urine samples were collected in two study periods (January and May). From a 
group of 30 railroad workers spot urine samples were collected during two 
consecutive workdays, starting on Monday. The study comprised three job 
catagories: (a) Diesel mechanics indoor, exposed to exhaust derived from diesel 
engines running tests in a repair shop for diesel trains, (b) Electrical engineers 
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working outdoor, exposed to low levels of emissions derived from remote 
sources of incomplete combustion, (c) Staff members (white collar) with 
ambulatory tasks on the work floor and administrative tasks in an office 
adjecent to the repair shop. During the workday, exposure to dust was 
assessed by determination of the level total and respirable suspended 
particulate matter (TSPM and RSPM) at fixed locations on the workplace. 
Personal air samples of inhalable suspended particulate matter (ISPM) were 
collected in the breathing zones of the workers using IOM samplers (Institute of 
Occupation Medicine, Edinburgh, Scotland). A detailed description of the 
apparatus and methods used for air sampling is given in section 2 .1 3 0 . The 
workers received a questionnaire and were asked to provide information on age, 
body weight and height, smoking habits, alcohol consumption, medication, 
consumption of vegetables and grilled, broiled or smoked meat, type of 
transportation used, and other possible nonoccupational exposures to emissions 
derived from incomplete combustion sources or coal tar- derived materials. 
Calculations and statistics 
A possible role of the dust exposure and smoking in the excretion of urinary 
metabolites was assessed in a multivariate regression analysis. When analyzing 
the results obtained in the immunoassay, the daily average excretion of urinary 
metabolites, expressed as //mol 1-AP eq. per mol creatinine, was taken as the 
dependent variable. The difference in 1-OH-P between end-of-shift and pre-shift 
urine expressed as //mol 1-OH-P per mol creatinine was included in another 
model as a dependent variable. Personal dust exposure expressed as the level 
of ISPM in mg per m3 and the reported number of cigarettes smoked during one 
day were taken as independent variables. Statistics were calculated using SAS 
6.0 software (SAS Institute, Cary, NC, USA). 
Results 
Crossreactivity testing 
Crossreactivities at 50% displacement relative to 1-AP were determined for 
several PAHs, 1-OH-P and some 1-NP and 2-NF metabolites. The results are 
presented in Tables 1 and 2. Chemical structures of these compounds are 
presented in Figures 1, 2, and 3. After 1-AP, 1-OH-P showed the highest level 
of affinity, especially around 50% inhibition. Of the tested parent PAHs B[a]P 
and pyrene exhibited the strongest affinity for 4D5 and anthracene the 
weakest. The crossreactivities of benzo[e]pyrene, phenanthrene and the 1-NP 
metabolites were moderate. Anthracene and the metabolites of 2-NF showed 
crossreactivities of below 1 % . 
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OIOIQ (a) 
Φ) 
Fig. 1. Chemical structures of 6-aminobenzo[a]pyrene coupled to bovine serum albumin 
(BSA) (a) and 1-AP lb). 
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Table 1. Crossreactivity (%) of parent PAHs relative to 1-AP. 
50% Displacement Low dose range' 
1-AP 100 100 
B[a]P 12.6 4.9 
Pyrene 9.5 6.9 
Benzo[e]pyrene 1.7 0.5 
Phenanthrene 1.6 0.5 
Anthracene 0.5 0.1 
'Estimated crossreactivity calculated using the 10% error method. 
Table 2. Crossreactivity (%) of urinary metabolites of pyrene, 1-NP, and 2-NF relative to 
1-AP. 
50% Displacement Low dose range' 
1-AP 100 100 
1-OH-P 15.5 2.5 
6/8-0H-1-AAP II 2.7 4.4 
6/8-OH-1-AAPI 2.1 0.9 
3-OH-1-AAP 0.9 1.0 
2-AAF 0.4 0.5 
1-OH-2-AF 0.3 0.3 
2-AF 0.2 0.4 
'Estimated crossreactivity calculated using the 10% error method. 
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(a) 
Φ) 
(с) 
(Φ 
(в) 
Fig. 2. Chemical structures of compounds that were used in crossreactivity testing: 
benzofalpyrene la); pyrene lb); benzolelpyrene lc); phenanthrene Id); anthracene le). 
The thick lines indicates the structural similarities of the compounds that were tested. 
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Crossreactivity estimates using the 1 0 % error method showed that in the low 
dose range the compounds tested can be ranked in the same order as based on 
the results of the 5 0 % displacement method. However, in the low dose range 
there is a tendency of a considerable smaller influence of crossreactants 
compared to the 5 0 % displacement dose (cf. B[a]P and 1-0Η-P in Tables 1 and 
2). 
Response factor 
0:100 10:90 20:80 30:70 40:60 50:50 60:40 70:30 60:20 90:10 
Methanol : Water (v/v) 
Fig. 4. Tuning the sensitivity and specificity of the immunoassay response 
by changing the composition of the methanol/water rinse of Seppak C,e 
using mixtures of urine from rats treated with 1-NP, diluted in pooled 
human urine. Straight line, nonhydrotyzed urine; dotted line, hydrolyzed 
urine. 
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Seppak C18 solid-phase extraction 
The response factors for the detection of 1-NP metabolites in a human urine 
matrix are presented in Figure 4 for both hydrolyzed and nonhydrolyzed 
samples. The highest response factor was observed in the nonhydrolyzed 
samples. The most efficient rinse appeared to be 20 : 80 (v/v) methanol : 
water. A sub-optimal response factor was observed after rinsing with 60 : 40 
(v/v) methanol : water. These optima were observed for hydrolyzed as well as 
nonhydrolyzed urine samples. 
Sensitivity, precision and accuracy 
The sensitivity at the 50% inhibition level was estimated to be 5 nmol 1-AP/l 
{ca. 1 //g/l). This sensitivity can be achieved for the detection of 1-AP in the 
range 20 - 80% inhibition. The repeatability as estimated by the coefficient of 
variation amounted to 2 1 % . The accuracy of the immunoassay as calculated by 
comparison with HPLC-Flu analysis amounted to -3.5%. The accuracy could 
only be estimated in a high concentration range (//mol/l) compared to the 
working-range of the assay (nmol/l). This was due to the limited sensitivity of 
the HPLC-Flu for 1-AP. 
Creosote workers 
The levels of urine metabolites that inhibited the binding of 4D5 in the 
competitive ELISA and the 1-OH-P excretion in urine of three creosote workers 
are presented in Figure 5 a-c. Both 1-AP eq. and 1-OH-P levels show an 
increase over a period of 48 h. The increase in 1-AP eq. amounts to a factor 3 -
10, while the increase in 1-OH-P is ca. 2 - 3 times. The course of excretion of 
1-AP and 1-OH-P is somewhat different for the workers 7 and 6*. In the urine 
samples with quantifiable 1-OH-P, creatinine levels varied from 4.8 to 22.5 
mmol/l. It was not possible to detect 1-OH-P in five very much diluted samples 
(creatinine levels varying from 0.4 to 5.3 mmol/l) of worker 7. 
Railroad workers 
Results of air sampling are presented in Table 3. Stationary sampled levels of 
TSPM and RSPM sampled either indoor or outdoor were similar. Only small 
variations of sampling location or sampling days were observed. Background 
levels of exposure to dust were similar in indoor workplaces and outdoor 
workplaces. On a group level, ISPM as determined in the breathing zones of the 
subjects working indoor were higher than exposures of outdoor workers. On 
both days this difference could not be classified as statistically significant, 
probably as a result of considerable interindividual variation (GSD = 1.5 - 2.0). 
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μιηοΙ l-OH-P/mol Creatinin! μπόι eq 1-AP/mol creatinine 
Fig. 5. Excretion of urinary 
metabolites of three 
creosote workers over a 
period of 48 h (free 
Sunday and workday 
Monday). Excretion of me­
tabolites inhibiting binding 
to 4DS /straight line) and 
excretion of 1-OH-P ¡dot-
ted line). The working 
period is indicated by the 
box. Subjects were expo-
sed to air levels of ca. 1 
pg/m3 pyrene. Skin con-
tamination levels amoun-
ted to ca. 500-1500 pg 
pyrene (total body sur-
face)". Workers 6 (upper 
panel) and 7 (middle panel) 
are smoking males, wor-
king in the assembly hall, 
using no respiratory 
protection. Worker 8 (lo-
wer panel) is a non-
smoking male working in 
the vicinity of the creosote 
impregnation cylinder and 
uses respiratory protec-
tion. Workers 7 and 8 
were wearing protective 
clothing and all workers 
used gloves. The worker's 
numbers 6, 7 and 8 refer 
to the person's identi-
fications used in a study 
by Van Rooi/ and co-wor-
kers". The results from 
the workers 1-5 are not 
shown. More details about 
the working conditions and 
PAH exposure can be 
obtained from that study. 
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Results of the analysis of 24 h urine samples from nonsmokers (Monday and 
Tuesday) and smokers are presented in the Figures 6 and 7, respectively. 
Levels of 1-AP eq. were very similar in subjects working indoor or outdoor, 
either nonsmokers or smokers. Results that were obtained by analysis of urine 
samples from nonsmoking diesel engine mechanics in January revealed 3-4 
times higher levels of 1-AP eq. excretion as compared to the levels that were 
recorded in May. Differences in 1-AP eq. excretion levels between the two job 
catagories in January were only significant when comparing average excretion 
over periods of 48 h 3 B (see section 3.2). Levels of 1-OH-P as determined in 
post-shift urine samples were not consistently elevated compared to pre-shift 
samples. Both on Monday and on Tuesday smokers excreted higher levels of 1-
OH-P in either pre- and post-shift urine samples as compared to nonsmokers. 
Within the group of smokers and within the group of nonsmokers there were no 
differences in 1-OH-P excretion between subjects working indoor and outdoor. 
Table 4. Correlation between breathing zone ISPM exposure (Monday) and the daily 
average urinary 1-AP eq. levels (Tuesday) among railroad workers exposed to 
DE. 
Parameter SE" p-value 
estimate 
TWA exposure to ISPM (mg/m3) 0.87 0.14 0.0001 
Smoking (number of cigarettes) 0.13 0.07 0.07 
Intercept 1.59 0.49 0.005 
N = 20; R2 = 0.80; " SE = standard error 
In a regression analysis the average excretion of urinary metabolites 
expressed in //mol 1-AP eq./mo\ creatinine on Tuesday was found to correlate 
significantly with the TWA ISPM exposure in the breathing zones of the 
workers on Monday (R2 = 7 5 % , ρ < 0.0001). After adjustment for smoking 
(the number of cigarettes smoked per day) the model improved (R2 = 80%). 
The contribution of smoking to the explanation of the variation was of 
borderline significance (cf Table 4). 1-OH-P levels, expressed either as end-of-
shift levels or as differences between end-of-shift and pre-shift levels on either 
Monday or Tuesday were not correlated with personal dust exposure levels. Nor 
did we find an association between the two expressions of urinary metabolite 
excretion (1-AP eq. or 1-OH-P) on either of the workdays. 
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Discussion 
Crossreactivity testing 
In the validation of this immunoassay for monitoring of DE exposure, 
crossreactivity is crucial because multiple exposures to structurally related 
PAHs and derivatives can be expected. We characterized the antibody 4D5 
towards the affinity of several parent PAHs and some metabolites of 1 -NP and 
2-NF (Tables 2 and 3). The antibody binds primarily to В[э]Р and pyrene and 
their derivatives, presumably because of their close structure similarities with 
the antigen that has been used when preparing the antibody (6-amino-B[a]P 
coupled to BSA). Since the position of the amino group in 1-AP corresponds to 
that of the amino group in 6-amino-B[a]P, chemical structures of these 
compounds are similar (Fig. 1), except for the presence of and additional 
aromatic ring in В[э]Р. This would explain the high affinity of 1-AP for binding 
to 4D5, such as previously reported3 6"3 7. It is conceivable that the flat polycyclic 
and lipophilic aromatic entity (Figure 2) is an important characteristic of these 
compounds in immunochemical interactions. Considerably lower crossreactivity 
in benzo[e]pyrene suggests that the conformation of the rings is more important 
than the number of rings. A very similar level of crossreactivity was observed 
for phenanthrene (elimination of one aromatic ring relative to pyrene). This is 
consistent with the influence of both the number of rings and their 
conformation (Figure 2). The considerably lower level of crossreactivity ( < 1%) 
caused by anthracene derivatives indicates that PAHs lacking a conformation 
similar to pyrene and B[a]P induce much weaker crossreactivity. Steric factors 
and/or charge distribution of the /7-electrons may have implications for threse 
hapten-antibody interactions. 
The markedly decreased crossreactivity caused by /vhg-hydroxylated 
compounds suggests that the disturbance of the lipophylic structure causes a 
considerable decrease in displacement. The possible formation of Η-bonds by 
OH-substituents may play a role in the smaller affinity of 4D5 for these 
metabolites. This is in agreement with a previous characterization of the 
antibody for r/ng-hydroxy derivatives of B[a]P3 e. 
Of particular interest is the predicted crossreactivity in the low dose range 
(see Tables 1 and 2). In this study we estimated this activity by calculating the 
displacement using the 10% error method. For parent PAHs the crossreactivity 
at low concentrations (10% of the level of 1-AP) is relatively low compared to 
crossreactivity at 5 0 % displacement. This is caused by nonparallellism of the 
displacement curves. Of the metabolites of 1-NP and 2-NF, 6/8-OH-AAP II 
crossreacts much more in the low dose range than the 5 0 % displacement level. 
For 1-OH-P this shift is opposite: because of the relative steepness of the slope 
of its displacement curve, crossreactivity of 1-OH-P is estimated to be 
considerably lower in the low dose range. 
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Fig. 6. Excretion of metabolites in urine samples collected 
from nonsmoking railroad workers on Monday /upper panel) 
and Tuesday (lower panel) during the periods January (Jan) 
and May. Presented are determinations of 1-OH-P in spot 
urine samples on HPLC fluorescence (lines connect average 
levels in pre- and post-work urine samples ± SD) expressed 
in pmol 1-OH-P per mol creatinine (left axis) and 24 h average 
levels of urinary metabolite excretion in the immunoassay 
(bars ± SD) expressed in μmol 1-AP eq. per mol creatinine 
(right axis). The exposures in January were compared to 
those in May: ·, ρ < 0.05; * \ ρ < 0.001; · · * , ρ < 
0.0001. 
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μπκ>1 1-OH-P/mol creatinine μπιοΙ eq 1 -AP/mol creatinine 
Mechanics Electricians Mechanics Electricians 
Fig 7 Excretion of metabolites in urine samples collected 
from smoking railroad workers in the second study period 
(May) See legend of Figure 6 for further details 
According to the results of the characterization, when screening 
nonhydrolyzed urinary metabolites, the immunoassay would primarily respond 
to pyrene and B[a]P and their aminodenvatives and possibly to other PAHs that 
have a similar conformation of aromatic rings, rather than to metabolites from 
PAHs lacking this conformation (such as anthracene and fluorene). The extent 
of crossreactivity appears to be very much dependent on the presence of 
hydroxylated metabolites and the position of their hydroxy group(s)3 6. However, 
in nonhydrolyzed urine samples, the majority of hydroxylated metabolites are 
excreted as conjugates3 8. When comparing the results of immunoassays of 
urine samples that were not pretreated by SPE, inhibition levels were a factor 
7.5 higher in hydrolyzed as compared to nonhydrolyzed pooled human urine 
samples spiked with urine derived from 1-NP-exposed rats (results not shown), 
suggesting that aglycones contribute substantially to inhibition levels. In 
nonhydrolyzed urine samples antibody binding would be dominated largely by 
nonconjugated PAHs and ammo-PAHs, whereas in hydrolyzed samples the 
contribution of previously conjugated phenols could be more important. 
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Seppak C18 extraction 
SPE is an important tool for enrichment of the analyte(s) of interest from an 
aqeous solution such as urine. The most efficient SPE procedure for detecting 
1-NP metabolites from human urine using the immunoassay, was selected by 
comparative analysis of dilutions of urine from 1-NP-exposed rats in human 
urine, either hydrolyzed or unhydrolyzed. Using this approach it is assumed that 
the profile of urinary metabolites in rats is similar to that of humans. It is also 
assumed that the profile of metabolites derived from a high intragastric 
exposure (1.0 mmol/kg) is similar to the profile expected from low exposure by 
inhalation. Experimental animal studies indicated that the profile of urinary 
metabolites of 1-NP is similar when comparing inhalation exposure to 1-NP, 
either as a pure aerosol or adsorbed onto particles39. 
The response factors observed after analyzing unhydrolyzed urine samples 
were ca. two times higher than the results of the analysis of hydrolyzed urine. 
It is unlikely that these differences would be caused by the dilution factor of rat 
urine in human urine. We suggest that it is primarily due to a considerable 
increase of crossreactivity of matrix constituents relative to the contribution of 
(hydrolyzed conjugates of) 1-NP metabolites (cf. Figure 4). The results suggest 
that the analysis of unhydrolyzed urine samples using 4D5 would lead to more 
sensitive detection of metabolites. When selecting the most efficient SPE 
procedures a response factor of 5.0 and 2.8 was observed when rinsing the C,e 
with a mixture of 80 : 20 (v/v) of water : methanol for unhydrolyzed and 
hydrolyzed test samples, respectively. However, this procedure caused 
retention of many urinary constituents on the C18 that were subsequently eluted 
with 100% methanol and contributed to inhibition of antibody binding (results 
not shown). Because these constituents caused significant inter- and intra-
¡ndividual variation and high background inhibition in the test results of human 
urine analysis, the sub-optimum washing procedure, using a mixture of 60 : 40 
(v/v) methanol : water, was preferred for the analysis of human urine samples. 
This procedure resulted in response factors of 3.2 and 1.7 for unhydrolyzed and 
hydrolyzed test samples, respectively. When using this procedure the recovery 
of extracting 1-AP from an aqueous solution as determined by HPLC-Flu 
amounted to 72%. This recovery decreased to 30 and 15% when enhancing 
the methanol fraction in the methanol/water mixture to 65 and 70%, 
respectively. 
Creosote workers 
In creosote workers the excretion of metabolites was investigated over two 
days. The first day was a day off, showing low levels of metabolite excretion in 
the workers 7 and 8. Elevated levels of urinary metabolite excretion on Sunday 
morning by worker 6 suggest either nonoccupational exposure during the 
weekend and/or a delayed excretion of metabolites derived from (PAH?) 
exposures in the previous workweek. 
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The kinetics of metabolite excretion observed in worker 6 were very similar 
when comparing excreted levels of 1-AP eq. and 1-OH-P. However, in the 
workers 7 and 8 the excretion of 1-AP eq. increased much faster as compared 
to the excretion of 1-OH-P. In addition, the level reached in the first 2-4 h after 
the start of the shift was much higher for 1-AP eq. as compared to 1-OH-P, 
whereas the maximum 1-OH-P excretion is reached at a much later moment 
than the excretion of 1-AP eq. These observations suggest that other 
metabolites than 1-OH-P, present in these urine samples, contribute 
significantly to inhibition of antibody binding. The course of excretion of 
metabolites causing inhibition in the immunoassay shows that these metabolites 
were associated to the interval of occupational exposure. Based on the 
characterization of 4D5 it is to be expected that these metabolites represent 
polyaromatic structures (such as pyrenes) and may be derived from the 
exposure to PAHs, presumably derived from creosote. Aminopyrenes, 
aminofluorenes, and aminofluoranthenes have been identified in creosote oil40"41. 
We suggest that exposure to these polyaromatic amines may have played a 
role. 
Railroad workers 
The levels of metabolite excretion as determined in the immunoassay show 
small and nonsignificant differences between workers that were either indoor or 
outdoor exposed. Results of a study in January comprising the results of three 
diesel mechanics and two staff members indicated a much higher exposure 
level and a corresponding much higher level of average metabolite excretion 
(Figure 6). This could be related to the greater number of train engine test runs 
(3-13) during these days and also to the limited ventilation of the facility 
because of energy saving policy. This is in contrast with the conditions in the 
study period in May. The latter study was conducted in a warm period during 
which doors on either side of the facility were open and caused draught. The 
number of engine test runs were lower (2-5). 1-NP levels in the sampled dust in 
May were much lower as compared to levels that were observed among three 
diesel mechanics in January32 (see section 3.2). In that period on Tuesday TWA 
ISPM levels of 1-NP (based on the whole workday) in the breathing zones of 
two diesel mechanics amounted to 1.8 - 2.9 ng/m3. Concentrations of 1-NP in 
TSPM recorded at fixed sampling locations ranged from 0.5 to 5.6 ng/m3 (see 
section 3.2). 
We have observed an association between the daily average urinary 
metabolite excretion (expressed as 1-AP eq. per mol creatinine) with personal 
dust exposure levels not with the present work shift but with the shift on the 
preceding workday (see Table 4). This suggests a delayed or retarded excretion 
of urinary metabolites of work-related particle-associated compounds, possibly 
DE. Slow excretion of urinary metabolites was also observed in inhalation 
studies with rodents that were exposed to DE particles42. However, more 
studies are needed to establish a causal relationship of the association between 
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personal dust exposure and urinary metabolite excretion, such as observed in 
this study. 
Applications of the immunoassay in occupational hygiene practice 
The results suggest that the immunoassay may be futher developed for pre­
screening of (large numbers of) urine samples from creosote workers or persons 
occupational^ exposed to DE in order to select subjects who may be highly 
exposed from a population of potentially exposed workers, for further HPLC-Flu 
and/or GC-MS analysis of urine samples. This pre-screening does not require 
costly analytical chemical instrumentation or specific knowledge of 
sophisticated HPLC or GC techniques. A further validation of this application of 
PAH exposure assessment should be carried out before it may be used for 
routine analysis, especially regarding a possible interference of metabolites 
derived from diet and/or tobacco smoking. 
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4.1 
Solid-phase extraction and gas 
chromatographic-mass spectrometric 
determination after hydrolysis 
of 2-aminofluorene hemoglobin 
adducts in blood of rats* 
Summary 
2-Nitrofluorene is an environmental pollutant that binds covalently to hemoglo­
bin after nitroreduction and successive /V-hydroxylation. These hemoglobin 
adducts can be cleaved in vitro by mild base-catalyzed hydrolysis. For the 
enrichment of arylamines from the aqueous hydrolysate, an extraction 
procedure with an organic solvent is widely used. Because of the formation of a 
thick emulsion layer between the aqueous and organic solvent layer, the 
extraction is laborious and inefficient. The use of Amberlite XAD2 provides a 
simple extraction procedure yielding a recovery of ca. 7 0 % . Calibration curves 
in hemoglobin solution were prepared with a correlation coefficient of 0.998 (n 
= 12). The interday coefficient of variation amounted to 14%. 
Introduction 
Xu and co-workers1 were among the first who reported the identification of 2-
nitrofluorene (2-NF) in diesel exhaust (DE). From that moment several 
investigators have reported this compound to be present in environmental 
samples such as heavy duty and light duty diesel engine exhaust 2 1 1 and 
gasoline engine exhaust5. It was found to be present in outdoor air samples12"14 
and in indoor air samples in emissions from kerosene heaters and fuel gas and 
liquefied petroleum burners1 5. 2-NF can be converted into 2-aminofluorene (2-
AF) by bacterial nitroreductases present in the intestinal microflora. The liver 
may also contribute to the reduction of nitroarenes, but is considered to be of 
minor importance in the in vivo metabolism of nitroarenes. In the liver, 2-AF can 
be /V-hydroxylated by microsomal P-450 to /V-hydroxy-2-aminofluorene (Λ/-0Η-
AF). 
* 
Scheepers PTJ, Velders DD, Straetemans MME, Ouwerkerk JC, Van Vliet LA and Bos RP 
J Chromatogr 619 (1993) 215-221 
This activation was also found to take place in the human red blood cell 
cytosol1617. The reactive nitroso analogue formed in the presence of oxy-hemo-
globin can bind covalently to the free thiol (SH) groups of hemoglobin (Hb). 
Protein adducts are used for the molecular dosimetry of chemical 
carcinogens. Arylamines that are known as potential human carcinogens may 
bind covalently to Hb. This interaction is identified as a sulfinic acid amide 
binding of the acylnitroso intermediate to an SH group of a cysteine residue in 
Hb. This type of protein binding reflects the biotransformation of nitroarenes 
and arylamines into genotoxic intermediates. It would also represent the 
systemic bioavailability of these reactive intermediates. For several arylamines, 
a correlation between binding to Hb and DNA was observed in laboratory 
animals18 and bladder cancer patients were found to have statistically 
significant elevated 4-aminobiphenyl Hb adduct levels19. 4-Aminobiphenyl is a 
known human bladder carcinogen. 
It is possible to identify the parent arylamine after hydrolysis of the Hb 
adduct. This can be done by mild base-catalyzed hydrolysis of a purified Hb 
solution20. The fluid-fluid extraction of the arylamines from the hydrolysate is 
laborious19. Birner and co-workers21 described the use of C18 solid-phase 
extraction for the determination of benzidine and some benzidine congeners. 
We have developed a simple method for the extraction of 2-aminofluorene (2-
AF) from the hydrolysate using XAD2 as a solid sorbent. This modification of 
the extraction procedure provides simplification and improvement of the present 
determination methods of Hb adducts of arylamines. 
Experimental 
Reagents, chemicals and solvents 
Toluene and isooctane (HPLC-grade) were obtained from Lab-Scan Analytical 
Sciences (Dublin, Ireland). Ethanol (abs), sodium chloride and sodium hydroxide 
were supplied by Merck (Darmstadt, Germany). Tris(hydroxymethyl)amino-
methane was purchased from United States Biochemical (Cleveland, OH, USA). 
Glycine hydrochloride was obtained from Sigma (St. Louis, MO, USA). Aqua 
pura was prepared treating demineralized water in a Nanopure system 
(Barnstead, Boston, MA, USA). 2-NF (98%) and heptafluorobutyric anhydride 
(HFBA) were obtained from Janssen Chimica (Geel, Belgium). 2-AF (98%) was 
supplied by Aldrich Europe (Bornem, Belgium). 2-Fluoro-7-nitrofluorene (99.8%) 
was purchased from Aldrich (Milwaukee, Wl , USA). 2-Amino-7-fluorofluorene 
(2-A-7-FF) was prepared from 2-fluoro-7-nitrofluorene by nitroreduction with 
hydrazine monohydrate and Raney nickel22. /V-OH-AF (98%) was obtained from 
Chemsyn (Lenexa, MO, USA). Sunflower seed oil (SSO) was obtained from 
OPG (Utrecht, Netherlands). 
Amberlite XAD2 was obtained from Serva (Heidelberg, Germany) and 
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precleaned according to Norström and Scheepers23. Lymphoprep was supplied 
by Nycomed Diagnostica (Oslo, Norway). Other chemicals used were of the 
highest purity available. 
Apparatus 
The Hb concentrations and free SH groups were determined using a Pye 
Unicam 1750 UV-VIS spectrophotometer (Philips Analytical, Eindhoven, 
Netherlands). GC-MS analysis of the arylamines was performed on a Varian 
3400 GC system equipped with a Varian 8100 autosampler and a Varian Saturn 
ion trap MS detector (Walnut Creek, CA, USA). 
Animals 
Female homebred Cpb:WU (Wistar) rats of 200-300 g body weight received 2-
AF by intraperitoneal injection (0.03 mmol/kg) and 2-NF or 2-AF by gavage (1.0 
mmol/kg). Fresh blood samples for calibration purposes were obtained from 
male homebred CPb:WU (Wistar) rats of 200-400 g body weight. 
Blood sample collection 
Blood was collected from ether-anesthetized rats by cardiac puncture 48 h after 
administration. The samples were collected with a syringe that contained 
héparine to prevent blood clotting and immediately transferred to a vacutainer. 
Preparation of Hb solution 
Aliquots of 3 ml of blood were diluted (1:1) with Tris-Gly-HCI buffer (5.0 mM 
tris(hydroxymethyl)aminomethane, 5.0 mM glycine hydrochloride, 0.15 M 
sodium chloride, pH 7.4), carefully mixed and layered over 4.0 ml of 
Lymphoprep. Blood cells were separated by centrifugation at 2000 g during 20 
min. The lymphocytes were collected from the intermediate layer and kept for 
further analysis (see section 4.3). After two washings with 6.0 ml Tris-Gly-HCI 
buffer (pH 7.4) the red blood cells (RBCs) were lysed by adding 12 ml ice-cold 
aqua pura and keeping the solution on ice. After 15 min 1.2 ml 750 of mM 
NaCI Tris-Gly-HCI buffer (pH 7.4) was added followed by careful mixing. 
Cellular debris was removed by centrifugation at 10 000 g at 4°C for 30 min. 
The arylamines not covalently bound to proteins were captured from the super-
natant (10.0 ml) by overnight vigorous horizontal shaking with 100 mg of 
XAD2. After centrifugation (2000 g for 5 min) 8.0 ml of the supernatant were 
collected and 200 μΙ of Hb solution were kept for determination of the Hb 
concentration (in duplicate). 
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Determination of Hb concentration 
The concentration of Hb ¡η the solution was determined using the hemiglo-
bincYanide method described by van Kampen and Zijlstra24. The absorbance 
was determined at 540 nm. 
Hydrolysis of Hb adducts and extraction of 2-AF 
An aliquot of 100 μ\ of a 0.05 m/W solution of 2-A-7-FF (internal standard) in 
ethanol was added to the Hb solution. Hydrolysis of the adducts was 
established by adding sodium hydroxide solution until a pH of ca. 12 was 
reached. Per aliquot, 100 mg of XAD2 were added and the hydrolysate was 
extracted by overnight vigorously shaking on a horizontal shaker. The 
hydrolysate was removed with a vacuum syringe equipped with a needle of 0.4 
mm I.D. Next, the XAD2 was washed three times with aqua pura and dried at 
70°C. 
Desorption and derivatization 
The arylamines were desorbed from the solid sorbent with 4.0 ml of toluene by 
20 min of sonication. The toluene solution was transferred and evaporated 
under a gentle stream of N2 at 60°C until a volume of ca. 0.3 ml remained. The 
amines were derivatized by adding 20 μ\ of HFBA followed by 30 min of 
heating at 60°C in a closed test tube. Isooctane (2 ml) was added to the 
reaction mixture. The remaining derivatization reagent was neutralized by 
addition of 1.0 ml of aqua pura. The organic phase was collected and dried 
under N2 at 60°C. The residue was redissolved in 70 μ\ of isooctane and 
sonicated for 5 min. This solution was transferred to a vial with insert, septum 
and screw cap for GC-MS analysis. 
Analysis on GC-MS 
Aliquots of 1 μ\ followed by 0.5 μ\ of solvent plug (separated by an air gap) 
were injected on-column in a septum-equipped programmable injector. The 
autosampler was set at 3 μΙ/s with a 0.1-min post-injection hot needle time. 
The column system consisted of a 2.5 m χ 0.53 mm I.D. deactivated fused-
silica retention gap (different brands) and a 30 m χ 0.25 mm I.D. DB-5MS-
coated (d, = 0.25 μνη) fused-silica capillary column (J & W Scientific, Folsom, 
CA, USA). The carrier gas used was He at a column head pressure of 97 kPa. 
The injector was programmed after a 1-min hold at 100°C to a final 
temperature of 280°C at 100°C/min, with a 12-min hold at 280°C. Separation 
from the matrix was achieved programming the GC oven temperature after a 1-
min hold at 100°C to a final temperature of 300°C at 20°C/min, with a 9-min 
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hold at 300°C. The transfer line and ¡on source were kept at temperatures of 
290°C and 220°C, respectively. The mass spectrometer was operated in the El 
mode at an electron ionization energy of 70 eV. A mass range of m/z 150 - 500 
was scanned at a rate of 1 s/scan (comprising of 4 //scans) between 8 and 9 
min after injection when 2-AF and the internal standard coeluted from the 
column. System automation and data-handling were performed using the Varian 
Saturn software. 
Standard preparation 
Solutions of 2-AF and 2-A-7-FF in ethanol were prepared and used as stock 
solutions. They were stored in the dark at 4°C. Aliquots of 8.0 ml Hb solution 
were spiked with 2-AF in a range of 1-33.5 nmol. To each standard 20 nmol of 
2-A-7-FF were added. The final concentration of ethanol was kept below 2% to 
prevent precipitation of Hb. The standards were treated as if they were 
samples. 
Preparation of 2-AF-Hb adducts and determination of free cysteine 
residues 
Fresh blood from eight nonexposed male Wistar rats (70 ml) was pooled and 
diluted 1:5 with Tris-glycine-HCI buffer (pH 8.8) with 150 m/W sodium chloride. 
From this solution two equal volumes of 130 ml were taken. One of these 
portions was incubated for 5 h with 1.0 ml 4.2 m/W /V-OH-AF in ethanol at 
37°C. The other portion was kept as a reference. Amberlite XAD2 was added 
(20 mg/ml) to extract free arylamines by overnight vigorous shaking at room 
temperature. Next, Hb solutions were prepared and Hb concentrations were 
determined. The number of free SH groups per residue were determined using 
the thiopyridone method25. From the number of free SH groups and the Hb 
concentration the reduction of free SH groups per Hb molecule was calculated. 
This number reflects the number of adducts formed by covalent binding of /V-
OH-AF to the SH groups of the Hb. The adduci concentration can thus be 
calculated. 
Validation procedures 
The method was calibrated by analyzing a series of Hb solutions with known 
amounts of added 2-AF. The incubated blood was diluted in nontreated blood in 
the range from 1:5 to 1:500. These dilutions were divided in equal portions and 
analyzed in duplicate. The reproducibility was studied by performing duplicate 
analysis on a series of fourteen fresh blood samples that were collected from 
rats receiving 2-NF or 2-AF by gavage and three blood samples that were 
collected from rats receiving 2-AF by intraperitoneal injection. 
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Fig. 1. GC-MS total ion chromatogram (TIC) and single-ion chromatograms at m/z 377 
and m/z 395 (upper panel) and the electron impact ionization mass spectrum (lower 
panel) of a hydrolyzed blood sample of a rat that received an intragastric dose of 2-NF 
of 1 mmol/kg. 
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Calculations 
A calibration curve was constructed by plotting the quotient of the peak areas 
of 2-AF and the internal standard versus the 2-AF amount in the Hb solution. 
The linearity was determined by linear regression analysis. The detection limit 
was established by comparing the peak area of the lowest standard with the 
extracted Hb solution blank. Recoveries were calculated from the slope of a 
linear regression of peak areas of 2-AF versus the concentration. In this case, 
the corresponding solutions of 2-AF in toluene were assumed to represent 
100% recovery. 
Results 
The number of free SH groups per molecule Hb amounted to 2.9 ± 0.3 in the 
nontreated Hb solution. After incubation with /V-OH-AF this number decreased 
by 1.1 ± 0.5 (38 ± 24 %) . This decrease represents the average number of 
SH groups per Hb molecule that formed sulfinamide bonds. Based on this 
estimated adduct formation the concentration of 2-AF-Hb adducts in the stock 
corresponded with ca. 0.2 //mol adduct per ml blood. This stock was further 
diluted in nontreated blood resulting in a series of standards with estimated 
adduct levels ranging from approximately 0.4 to 40 nmol adducts per ml blood. 
These dilutions were used for the calibration curve. Based on the peak area of 
2-AF versus the concentration of 2-AF-Hb adducts, a calibration plot was 
calculated resulting in a correlation coefficient of 0.988. The recovery of 2-AF 
from the blood-diluted adduct standard was calculated to be 10.0 ± 0.5 %. 
However, because of the apparent inaccuracy of the calculated adduct level in 
the stock, it would not be adequate to use this relation for calibration purposes. 
In order to establish a more reliable calibration curve, we have plotted the ratio 
of the peak areas of 2-AF and the internal standard versus the amount of 2-AF 
in a series of Hb solutions. This resulted in a calibration curve with a correlation 
coefficient of 0.998 and a coefficient of variation of 9.2%. The recovery of 2-
AF (mean ± SD) extracted from a Hb hydrolysate spiked with 2-AF was 
calculated to be 73.8 ± 10.4 % in a concentration range of 0.021-8.2 //g/ml. 
The detection limit was estimated to be ca. 0.5 nmol 2-AF per g Hb. 
Figure 1 shows the total ion chromatogram and the mass spectrum of a 
representative blood sample. Characteristic m/z values found in mass spectra of 
HFB derivatives of 2-AF and 2-A-7-FF are the molecular ions 377 and 395, 
respectively. These ions have been used for quantitation. The ions m/z 180 and 
198 represent [M - 197]+ through loss of COC3F7. The ions m/z 165 and 183 
([M - NHCOC3F7] + ) are also found, ca. 50% less abundant than the molecular 
ions and [M - 197] + . Also expected are m/z 153 and 171 ([M - 224]+) possibly 
with formation of a tropylium ion through loss of CNHCOC3F726, but m/z 152 
and 170 ([M - 225] + ) are more abundant. These ions are probably formed 
through loss of H2CNCOC3F7. The ion m/z 152 is also found (more abundant 
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than m/z 153) in a mass spectrum of the undenvatized 2-AF in the National 
Institute of Standards and Technology library 
In a series of rat blood samples collected 48 h after 2-NF or 2-AF 
administration 2-AF-Hb adducts were determined. The interday coefficient of 
variation derived from seventeen blood samples was calculated to be 14% (see 
Table 1). In the high-range adduct level, excellent reproducibility was achieved; 
in the low range (below 0.05 /япоі/g Hb) the reproducibility exceeded 2 0 % 
Table 1 Reproducibility of the determination of Hb adducts of 2 AF in blood samples from 
rats 
Compound 
2 AF 
2-AF 
2-NF 
Dose 
(mmo 
1 0 
0 03 
1 0 
l/kg) 
Route3 
i g 
ι Ρ 
ι g 
N 
8 
3 
6 
Hb adduct level 
(/лтюі/д Hb) 
4 6 ± 2 7 
0 73 ± 0 04 
0 03 ± 0 02 
Coefficient of 
variation (%) 
7 3 
14 0 
23 3 
• ι g , intragastric, ι ρ , intraperitional 
Discussion 
The hydrolysis of the sulfinic acid amide bond is crucial for the determination 
of Hb adducts of arylamines. This is usually carried out by base-catalyzed 
hydrolysis of the purified Hb solution. The presence of many fragments of 
bioorganic molecules (e.g. detergents, surfactants) may cause the appearance 
of an emulsion zone between the aqueous hydrolysate and the organic 
extraction solvent. This may cause a low recovery and a poor reproducibility in 
the arylamine extraction1 9. The emulsion is reported to be broken by repeated 
freezing and thawing. The organic solvents collected after repeated extraction 
steps are usually dried over anhydrous sodium sulfate and magnesium sulfate 
and made alkaline with trimethylamine2 0. 
In this paper we have studied the use of XAD2 for extraction of arylamines 
from hydrolyzed Hb solutions. This modification comprises a simplification of 
the analysis of arylamine Hb adducts. There are no problems arising from the 
appearance of emulsions because a solid sorbent is added to the hydrolysate. 
At the same moment sodium hydroxide is added to start the hydrolysis. During 
the overnight extraction {ca. 16 h) the arylamines freed by hydrolysis can 
immediately be absorbed on the solid sorbent. The combination of prolonged 
hydrolysis and extraction results in favorable conditions for the extraction of 2-
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AF. In such a way, a single extraction procedure gives a sufficient recovery (ca. 
70%) of 2-AF and the internal standard, and provides a good reproducibility. 
The solid sorbent can be very well dried, therefore there is no need to dry the 
toluene eluate over an anhydrous salt. We propose the use of Amberlite XAD2 
for the extraction of 2-AF and other arylamines from Hb hydrolysate. 
The calibration curve derived from dilutions of pure 2-AF in Hb solutions 
shows excellent linearity and reproducibility. This curve can very well be used 
for calibration purposes. The dilutions of blood containing in vitro formed 2-AF-
Hb adducts in blood from nontreated rats result in a curve with a lower 
correlation coefficient (r = 0.988). A more accurate estimate of the number of 
adducts, based on the determination of reduction of free SH groups per g Hb 
could not be achieved. This is due to considerable deviations in the indirect 
determination of the number of SH groups, and to deviations in the 
determination of Hb concentrations caused by propagation of errors. 
Theoretically, the number of free SH groups in rat Hb would be 5-7. 
Crystallization of the Hb and possible formation of disulfide bonds could have 
contributed to the considerably lower number detected in this study2 7. 
Quantitation of Hb adduct levels using a series of dilutions of pure 2-AF in Hb 
solution, tends to underestimate the actual adduct level. In experimental animal 
studies, calibration based on the Hb standard solutions of 2-AF should be 
acceptable, because in most study designs, the blood adduct levels in animals 
that received different treatments are usually compared. However, when using 
this method for dosimetry, it is important to determine the actual recovery of 
the hydrolysis to be able to adjust for the unhydrolyzed arylamine adducts. 
We are currently developing the solid-phase extraction procedure for the 
analysis of 4-aminobiphenyl and 2-AF-Hb adducts from human blood samples. 
Efforts will be made to improve the sample clean-up and to enhance the sensiti­
vity and reproducibility of the method. 
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4.2 
Nitroreduction and formation of 
hemoglobin adducts in rats with a 
human intestinal microflora* 
Summary 
In the covalent binding of nitroarenes to macromolecules, nitroreduction is an 
important step. The intestinal microflora represents an enormous potential of 
bacterial nitroreductase activity. As a consequence the in vivo nitroreduction of 
orally administered nitroarenes is primarily located in the intestine. In this study, 
we have investigated the nitroreduction of 2-nitrofluorene (2-NF) by a human 
microflora in female Wistar rats. Germfree (GF) rats were equipped with a 
bacterial flora derived from human feces. Nontreated GF rats and GF animals 
equipped with a conventional rat flora were used as controls. The composition 
of the human and the conventional microflora isolated from the rats were 
consistent with the microflora of the administered feces. In the rats only 
receiving sunflower seed oil (SSO), no adducts were detected. The animals 
equipped with a human or rat microflora that received 2-aminofluorene (2-AF) 
formed 2-AF hemoglobin (Hb) adducts at average levels (mean ± SEM) of 5.3 
± 0.3 and 6.7 ± 0.7 μτιοΙ/g Hb, respectively. After 2-NF administration, the 
adduci levels were 0.022 ± 0.003 and 0.043 ± 0.010 μητιοΙ/g Hb, 
respectively. In the GF rats an adduci level of 0.57 ± 0.09 was determined 
after 2-AF administration and no adducts were detected after 2-NF 
administration. The results show that nitroreduction by an acquired human 
intestinal microflora and subsequent adduct formation can be studied in the rat 
in vivo. 
Introduction 
In the covalent binding of nitroarenes to macromolecules, nitroreduction is the 
first important step in /V-directed metabolic activation1. The nitro group can 
either be partially reduced to form a nitroso or a /V-hydroxyl intermediate or be 
completely reduced to an amine 2 3 . The amine can be reoxidized to form /V-
hydroxyl products and be further oxidized in the red blood cell (RBC) to form a 
nitroso compound. 
* 
Scheepers PTJ, Straetemans MME, Koopman JP and Bos RP, Environ Health Persp lin press) 
This is a reactive species that can bind covalently to hemoglobin (Hb)*"5. 
Unlike other routes of biotransformation, nitroreduction is not performed by 
the intrinsic pool of enzymes present in body tissues but primarily by enzymes 
of bacteria present in the intestine67. In vivo only a minor contribution is 
supplied by liver enzymes89 or, presumably, by enzymes of the lung10"11. 
The intestinal microflora represents an enormous potential of bacterial 
nitroreductase activity. Its metabolic capacity depends on the presence of a 
community of hundreds of aerobic and anaerobic bacterial species representing 
several billion individual microorganisms. Each of the bacterial strains can be 
considered an autonomic metabolic unity. In this study we have investigated 
the formation of Hb adducts in germfree (GF) rats that were equipped with a 
human intestinal microflora and in GF animals that were supplied with a 
conventional rat microflora. We have tried to establish the importance of 
bacterial nitroreduction as a first conditional step in a cascade of metabolic 
activation reactions, eventually leading to macromolecular binding such as Hb 
adduci formation. 
Methods 
Animals 
Homebred GF female Wistar rats (Cpb:WU) were equipped with either a 
bacterial flora derived from human feces or a rat flora. Rats without a microflora 
were used as controls. The animals weighed 130 to 210 g, were housed in 
plastic isolators individually, and had free access to autoclaved sterilizable rat 
and mouse diet (Hope Farms, Woerden, Netherlands) and water. 
Microbiology 
One and two weeks before the administration of the aryl compounds the 
microflora was given by gavage. After collection of the blood, the cecum was 
carefully tied up and weighed. In the content of the cecum, the total vital 
bacteria count was determined. In addition, the following bacterial genera were 
characterized by standard methods12 and counted: Enterobacteriaceae, 
Staphylococci, Streptococci (aerobically cultured) and Lactobacilli, Clostridia, 
Bacteroides, Bifidobacteria and Veillonella (anaerobically cultured). The 
abundance of yeasts and fungi was also determined. 
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Administration 
In each of the groups of GF rats equipped with a microflora, three rats received 
orally 1 mmol/kg 2-NF dissolved in SSO, three rats received 1 mmol/kg 2-AF in 
SSO and three rats were given only SSO. Two GF rats received 2-AF in SSO, 2 
rats received 2-NF in SSO and 2 were given SSO only. 
Chemicals 
2-AF (98%) was supplied by Aldrich Europe (Bornem, Belgium). 7-fluoro-2-
nitrofluorene ( > 99.8%) was obtained from Sigma (St. Louis, MO, USA). 
Heptafluorobutyric anhydride (HFBA) and 2-NF (98%) were supplied by Janssen 
Chimica (Geel, Belgium), isooctane (HPLC-grade) from Fluka Chemica (Brussels, 
Belgium) and SSO from OPG (Utrecht, Netherlands). Amberlite XAD2 was 
supplied by Serva (Heidelberg, Germany). 2-Amino-7-fluorofluorene (2-A-7-FF) 
was obtained by the reduction of the aforementioned 7-fluoro-2-nitrofluorene 
with hydrazine monohydrate and Raney nickel. All other solvents used were 
HPLC-grade (Lab-Scan, Dublin, Ireland). 
Blood analysis 
Forty-eight hours after administration of the aryl compounds, blood was 
collected by heart punction. After isolation of the Hb, unbound 2-AF was 
removed by solid-phase extraction using XAD213. The Hb concentration was 
determined according to the hemiglobincyanide method14. The adducts were 
subsequently hydrolyzed under mildly basic conditions15. 2-A-7-FF was added 
to serve as an internal standard. The solution was extracted overnight wi th 
XAD2. After removing the Hb hydrolysate, the solid sorbent was washed and 
dried. The arylamines were eluted with toluene and derivatized with HFBA. 2-
AF was determined using GC-MS (CV„ = 14.1%). 
Results 
The characterization of the microbiological status of the rats is presented in 
Table 1. The intestines of the previously GF rats were efficiently colonized by 
both aerobic and anaerobic species. The integrity of the microflora was 
preserved considering the colonization of all genera of bacterial species that 
were identified. There were only small differences between the cecum 
populations among the animals receiving a rat and a human microflora. 
The counts of Streptococcus were higher in the administered rat feces than in 
the ceca of the GF rats receiving this microflora. The genera Enterobacteriaceae 
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and Bacteroides were more abundant relative to the microflora of the 
conventional feces. In the ceca of rats receiving the human microflora Staphylo-
coccus, Veillonella, yeasts, and fungi were less abundant as compared to the 
administered feces. Aerobical as well as anaerobical culturing and gram 
preparations of the cecum content indicated that the ceca of the GF animals 
indeed contained no microflora. 
Table 1. Microbiological characterization of rat and human feces and the microbiological 
status (in logarithmic bacterial counts) of GF Wistar rats after two weeks of 
incubation with rat- and human-derived microfloras. 
Aerobic 
Total aerobes 
Enterobacteriaceae 
Streptococcus sp 
Staphylococcus sp 
Yeasts and fungi 
Anaerobic 
Total anaerobes 
Lactobacillus sp 
Bacteroides sp 
Clostridium sp 
Bifidobacterium sp* 
Veillonella sp 
Total count 
Rat microflora 
Cecum" 
8.3 
7.2 
6.5 
4.1 
<2.7 
10.1 
7.7 
9.2 
8.6 
<2.8 
<3.0 
10.8 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
0.2 
0.9 
0.6 
0.9 
0.1 
0.2 
0.3 
0.4 
0.5 
0.1 
0.1 
0.2 
Feces 
9.5 
5.7 
9.4 
4.3 
<2.9 
9.8 
8.2 
8.8 
9.2 
<2.9 
<2.9 
11.4 
Human microflora 
Cecum6 
8.9 
8.6 
8.4 
1.8 
1.8 
10.5 
8.3 
10.1 
9.3 
8.1 
4.6 
11.1 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
0.5 
0.5 
0.4 
0.1 
0.1 
0.3 
0.7 
0.3 
0.3 
0.4 
0.4 
0.1 
Feces 
9.2 
9.0 
6.5 
6.3 
3.5 
10.3 
8.4 
9.4 
9.0 
8.8 
7.1 
11.1 
'B. fragilis group; "Means of three animals (± SEM); sp. species. 
In Table 2 the relative cecum weights are presented. The ceca of the GF rats 
had a four times higher relative weight as compared to the ceca weights of the 
animals that received either a human or a rat microflora. There was a minor 
difference between the animals that received a microflora derived from human 
feces and the animals receiving a rat feces-derived flora. This difference was 
significant (p < 0.05) in the two-tailed f-test. 
180 Biological effect monitoring 
Table 2: Relative cecum weights ( ± SEM) of GF rats and rets that received a feces-derived 
rat microflora and a human microflora, respectively. 
Relative cecum 
weights (%) 
No 
microflora 
(n = 6) 
7.6 ± 0.4 
Rat 
microflora 
(n = 9) 
2.1 ± 0.1 
Human 
microflora 
(n = 9) 
1.5 ± 0.1 
Table 3 presents the Hb adduct levels that were determined in the blood of 
nontreated GF rats, GF animals equipped with a human microflora, and GF 
animals with a conventional rat microflora. The relative adduct levels ( ± SEM) 
determined in the blood of rats that received 2-NF, as compared to the adduct 
levels observed in animals receiving 2-AF, amounted to 0.3 ± 0 . 1 % and 0.8 ± 
0.2% in animals equipped with a human and a conventional rat microflora, 
respectively. 
Table 3: Levels of 2-AF Hb adducts (/лпоі/g Hb ± SEM) in rats that received either 1 
mmol/kg 2-NF or 1 mmol/kg 2-AF by gavage. 
2-NF 
2-AF 
No 
microflora 
ND" 
0.57 ± 0.09 
Rat 
microflora 
0.043 ± 0.010 
5.3 ± 0.3 
Human 
microflora 
0.022 ± 0.003 
6.7 ± 0.7 
'Not detected at a detection limit of approximately 0.1 pmol on-column or 0.001 
/ллоі 2-AF/g Hb. 
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Discussion 
The composition of the human and the conventional microflora isolated from 
the rats was consistent with the microflora of the source material (feces). The 
difference in Hb adduct formation of 2-NF between animals equipped with a 
human-derived microflora and animals equipped with a flora originating from rat 
feces is a factor two. This difference is not statistically significant. 
Regarding the results obtained in the GF rats, the nitroreducing capacity is 
mainly located in the microflora. Differences in the amounts of formed Hb 
adducts could be related to the nitroreducing capacity of the microflora. It is 
not known what bacterial species or yeasts and fungi are involved in this 
metabolic step. From in vitro experiments it is known that some anaerobic 
species such as Peptostreptococcus and Peptococcus species, Bacteroides 
thetaiotaomicron, Clostridium perfringens and Clostridium sp are capable of 
nitroreduction of 1-NP16 and 6-nitrobenzo[a]pyrene17. Aerobic species have also 
shown to reduce nitro aromatics to some extent18"19. The rat and human 
intestinal microflora were found to be capable of almost complete conversion of 
6-nitrobenzo[a]pyrene16 and 1-NP6. Human intestinal microflora is known to 
reduce aromatic nitro compounds in vitro6™. 
When the levels of Hb adducts determined in the blood of animals that 
received a dose of 2-AF were set on 100%, the levels observed in animals 
receiving 2-NF at the same dose were found to be 0.8% in animals equipped 
with a conventional rat microflora. This represents the contribution of the 
nitroreducing metabolic pathway to covalent binding with Hb. Calculations on 
the results, previously obtained by Suzuki and co-workers2 in Sprague-Dawley 
rats that received 0.5 mmol/kg by gavage, gave a value of 0.9%. The extent of 
binding to Hb is probably limited by /V-hydroxylation2 or O-acetylation20. 
The difference in adduct formation cannot be explained by any of the 
bacterial groups presented in Table 1. Because it is known that a wide range of 
intestinal bacterial species are able to reduce aromatic nitro compounds16, it is 
possible that species other than the ones that were identified from the cecum 
contents are responsible for the observed difference in adduct formation. 
Qualitative differences in the nitroreducing potential between the microflora 
from humans, rhesus monkeys and rats were reported21. The difference 
between the Hb adduct levels formed by the control animals equipped with a 
human or rat microflora were not statistically significant. In the GF rats no 2-AF 
Hb adducts could be detected after 2-NF administration. The GF rats receiving 
2-AF formed adducts at a much lower level than the animals with a feces-
derived microflora. We suggest that this difference is due to the GF status of 
the rats and may be related to a change in the resorption of 2-AF from the 
intestine. 
This study shows that nitroreduction by an acquired human intestinal 
microflora and subsequent adduct formation can be studied in the rat in vivo. 
The intestinal microflora contains a metabolic system principally responsible for 
in vivo nitroreduction. This turns out to be a critical step in the Hb adduct 
formation. We did not observe a statistically significant difference between the 
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adduct formation in rats equipped with a human microflora or a conventional rat 
microflora. Because of the maternal origin of the microflora in humans, 
intenndividual differences in the composition can be expected. However, in this 
study we did not consider possible differences in nitroreducing capacity of the 
microflora of different individuals. The distribution pattern of nitroreducing 
capacities of human microfloras is an interesting topic in the human risk 
evaluation of exposure to mixtures of nitro aromatics such as DE emissions. 
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4.3 
Role of the intestinal microflora in 
the formation of DNA and hemoglobin 
adducts in rats treated with 
2-nitrofluorene and 
2-aminofluorene by gavage* 
Summary 
The role of the intestinal microflora in the metabolic activation of nitroarenes 
and arylamines was studied in female Wistar rats that received a dose of 1 
mmol/kg 2-aminofluorene (2-AF) in sunflower seed oil (SSO) by gavage. 
Another group received the same dose of 2-nitrofluorene (2-NF). A third group 
of animals was used as controls. Germfree (GF) rats, GF rats with a rat 
microflora (RM) and GF rats with a human microflora (HM) were treated. After 
treatment with 2-AF significant differences were observed in the formation of 
hemoglobin (Hb) adducts and DNA adducts. The 2-AF Hb adduct level (mean ± 
SD) observed in GF rats (0.57 ± 0.13^mol /g Hb) was considerably lower than 
that observed in RM rats (5.1 ± 0.6) and in HM rats (6.2 ± 1.3). DNA adduct 
levels showed the opposite pattern: Levels of adducts comigrating with 
deoxyguanosin-8-yl-2-aminofluorene (dG-C8-AF) in liver tissue were higher in 
GF rats (4.6 ± 1.4 fmol///g DNA) as compared to RM rats (2.6 ± 0.04) or HM 
rats (2.0 ± 0.7). In lung tissue and white blood cells (WBCs) a similar influence 
of the intestinal microflora on DNA adduct levels was observed. These results 
suggest that the intestinal microflora cleaves conjugates of 2-AF or /V-hydroxy-
2-AF, thus facilitating enterohepatic recirculation of these compounds and 
enhancing the formation of reactive intermediates binding to Hb. The latter is 
not observed for DNA adduct formation, indicating that most of these adducts 
have been formed after a single passage through the liver. After treatment with 
2-NF, Hb and DNA adduct levels were much lower. An adduct spot was 
observed that was not present in rats that received 2-AF. In GF animals only 
very low levels of DNA adducts comigrating with dG-C8-AF or deoxyguanosin-
8-yl-2-acetylaminofluorene (dG-C8-AAF) and no Hb adducts were observed, 
indicating that the metabolic activity of the microflora is an essential step in 
both Hb and DNA adduct formation. 
* 
Scheepers PTJ, Velders DD, Steenwinkel M-JST. Van Delft JHM, Onessen W, Straetemans 
ME, Baan RA, Koopman JP, Noordhoek J and Bos RP, Carcinogenesis 15 11994) 1433-1441 
Introduction 
2-Nitrofluorene (2-NF) has been identified as a constituent of DE1"9. The 
compound was found to be genotoxic in several bacterial systems10"15. It 
induced DNA repair and mutations in the host-mediated assay16"17, SCEs in vivo 
in bone-marrow cells of Chinese hamsters18 and in vitro in Chinese hamster 
ovary cells19"20, and unscheduled DNA synthesis21. 2-NF induced cancer in 
rats22"23. Considerable efforts have been made to identify the metabolites of 2-
NF that covalently bind to DNA. The identification of dG-C8-AF, dG-C8-AAF 
and 3-(deoxyguanosin-A/2-yl)-2-acetylaminofluorene (dG-N2-AAF) as major DNA 
adducts in vivo (see Kriek et al. 199224 for a review) suggests that the 
nitroreductive pathway, of which conversion into 2-AF is the first step, 
constitutes an important route of metabolic activation of 2-NF. Therefore, it is 
of interest to compare metabolic conversion and macromolecular binding of 2-
NF with that of 2-AF. It has been suggested that the peroxidative pathway may 
also lead to macromolecular binding of 2-AF2526 and 2-NF27"28. However, the 
chemical structures of DNA adducts formed via this pathway have not yet been 
elucidated. 
Biotransformation studies of 2-NF, 2-AF, and 2-acetylaminofluorene (2-AAF) 
in rodents have contributed to reveal the mechanism of covalent binding to 
Hb29. It has been suggested for several environmental pollutants that there is a 
similar correlation between dose and the rate of binding to DNA and to Hb30. 
This is an important issue when considering the use of Hb adduci levels for 
dosimetry31"34. 
Metabolism by the intestinal microflora is of special interest to the 
biotransformation of nitroarenes because it provides nitroreduction, which is a 
first step in their metabolic activation irrespective of the route of 
administration36. Several nitro-PAHs are presumed to be activated to reactive 
nitroso, /V-acetyl and /V-hydroxyl derivatives by bacterial metabolism36. 
Another important function of the intestinal microflora in the metabolism of 
nitroarenes and arylamines is the hydrolysis of conjugates37"39. ß-Glucuronidase 
activity in the lower intestinal tract causes hydrolysis of the glucuronide 
conjugates and facilitates enterohepatic recirculation of aglycones36,40"42. 
Bacterial metabolic activity of the intestinal microflora may thus lead to an 
enhanced bioactivation of these compounds. Some epidemiological studies and 
risk estimates suggest an active role of the intestinal microflora in the risk of 
developing colon cancer and breast cancer in humans, related to the diet38 or to 
air pollution43. In these effects a role of nitro-PAHs has been suggested43"44. 
In this study we have investigated macromolecular binding of metabolites of 
2-NF and 2-AF, and urinary metabolite excretion in rats with microflora of 
different origin. We have emphasized the role of the intestinal microflora 
because its metabolic activity is observed to be related to activation of 
promutagens39. 
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Materials and methods 
Animals 
Homebred GF female Wistar rats (Cpb:WU) were provided with either a human 
bacterial microflora (HM rats) or a rat bacterial microflora (RM rats) by repeated 
intragastric administration of broth-diluted feces4 5. Untreated GF rats were used 
as controls. The animals, weighing 130-210 g, 8 weeks of age, were housed 
individually in stainless steel cages prepared for urine collection. The cages 
were placed in plastic isolators (GF rats) or a biohazard cabinet (RM and HM 
rats). Room temperature varied between 20 and 22°C and relative humidity 
between 60 and 7 0 % . The animals had free access to autoclaved sterilizable 
rat and mouse diet (Hope Farms, Woerden, Netherlands) and water. In each of 
the groups two rats received orally 1 mmol/kg 2-NF in SSO, two rats received 1 
mmol/kg 2-AF in SSO and two rats were given SSO only. 
Chemicals 
2-NF (purity 98%) and heptafluorobutyric anhydride (HFBA) were obtained from 
Janssen Chimica (Geel, Belgium). 2-AF (98%) and 2-AAF (purity unspecified) 
were supplied by Aldrich Europe (Bornem, Belgium). 2-Fluoro-7-nitrofluorene 
(99.8%) was purchased from Aldrich (Milwaukee, Wl, USA). 2-Amino-7-
fluorofluorene (2-A-7-FF), used as internal standard, was obtained through 
reduction with hydrazine monohydrate and Raney nickel of 2-fluoro-7-
nitrofluorene (46). 1-Hydroxy-2-acetylaminofluorene (1-OH-2-AAF, > 99%), 3-
hydroxy-2-acetylaminofluorene (3-OH-2-AAF, ^ 9 5 % ) , 5-hydroxy-2-
acetylaminofluorene (5-OH-2-AAF > 96%), 7-hydroxy-2-acetylaminofluorene 
(7-OH-2-AAF, ca. 90%), 8-hydroxy-2-acetylaminofluorene (8-OH-2-AAF > 
99%) and 9-hydroxy-2-acetylaminofluorene (9-OH-2-AAF, ca. 99%) were 
supplied by the Midwest Research Institute (Chemical Carcinogens Repository, 
Kansas City, MO, USA). The (±)-/V2-(7R,8S,9R-3-hydroxy-7,8,9,10-tetra-
hydrobenzo[a]pyren-10S-yl)-2'-deoxyguanosin (BP-A^-dG), dG-C8-AF, and dG-
C8-AAF reference adducts were isolated as described by Baan et al.4 7"4 8. Sep-
Рак C1 8 cartridges were supplied by Millipore (Bedford, MA, USA) and 
heptafluorobutyric imidazole (HFBI) was obtained from Heraeus (Karlsruhe, 
Germany). ß-Glucuronidase/arylsulf atase and RN Ase A were supplied by 
Boeringer (Mannheim, Germany). SSO was obtained from OPG (Utrecht, 
Netherlands). Amberlite XAD2 was obtained from Serva (Heidelberg, Germany) 
and precleaned according to Norstrom and Scheepers49. Lymphoprep was 
supplied by Nycomed Diagnostica (Oslo, Norway). Tris(hydroxymethyl)-
aminomethane (Tris) was purchased from United States Biochemical Corp. 
(Cleveland, OH, USA). Poly(ethyleneimine)(PEI)-cellulose sheets (cat no 5012) 
were purchased from JT Baker (Phillipsburg, NJ, USA), y-l32P] ATP (specific 
activity ca. 3000 Ci/mmol) was obtained from Amersham (Buckinghamshire, 
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UK). Micrococcal endonuclease, spleen phosphodiesterase, RNAse T,, and 
bicine were purchased from Sigma (St. Louis, MO, USA). T4 polynucleotide 
kinase was obtained from Biolabs (Beverly, MA, USA). Spermidine and 
proteinase К were purchased from Merck (Darmstadt, Germany). Demineralized 
(demi) water (tap water treated in a Milli RO system, Millipore) and aqua pura 
(demi water treated in a Nanopure system, Barnstead, Boston, MA, USA) were 
used. Other chemicals used were of the highest purity available. 
Apparatus 
Analysis of 2-AF and derivatized mono-hydroxy-2-acetylaminofluorenes was 
performed on a Varían 3400 GC (Walnut Creek, CA, USA) equipped with a 
Varian 8100 autosampler and a Varían Saturn 1 lonTrap MS detector. The mass 
spectrometer was operated in the El mode at an electron ionization energy of 
70 eV. System automation and data handling were performed using the Varian 
Saturn software. 
Collection of tissue, blood and urine samples 
About 48 h after treatment blood was collected from ether-anesthesized rats by 
cardiac puncture and immediately mixed with heparin. Directly after collection 
the samples were further treated (see below). Lung and liver tissue was 
collected and frozen at -80°C until further treatment. Urine samples were 
collected from 12 h before until 24 h after administration with 12 h intervals. 
The sample volumes were adjusted to a volume of 100 ml by adding demi 
water. The urine samples were stored at -20°C until further analysis. 
Isolation of Hb and WBCs 
Blood samples of 6 ml were diluted (1:1) with Tris-Gly-HCI buffer (5.0 m/W Tris, 
5.0 rr\M glycine hydrochloride, 150 m/W sodium chloride, pH 7.4). Red blood 
cells (RBCs) and white blood cells (WBCs) were separated using Lymphoprep. 
The RBCs were collected by 20 min centrifugation (2000 g) at 4°C. The WBCs 
were carefully retrieved with a Pasteur pipette and collected by centrifugation 
(200 g, 4°C). The cells were washed with ice-cold saline. The supernatant was 
decanted and the cell pellets were kept at -80°C prior to DNA isolation. Hb was 
released by lysis of the RBCs with ice-cold aqua pura. Cellular debris was 
removed by centrifugation and the Hb concentration was determined using the 
hemiglobincyanide method50. 
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Determination of Hb adducts 
Hb adducts were determined according to the procedure described in section 
4 . 1 5 1 . Briefly, adducts were hydrolyzed by addition of sodium hydroxide to the 
Hb solution until a pH of 12 was reached. 2-A-7-FF was added to serve as an 
internal standard. The solution was extracted by vigorous shaking with XAD2 
overnight. The arylamines were desorbed with toluene and derivatized with 
HFBA. The analyte was dissolved in 100//I of isooctane and placed in inserts of 
screw cap vials for analysis by GC-MS. The coefficient of variation as 
calculated from duplicate analysis (л = 14) amounted to 1 4 . 1 % . 
DNA isolation 
The DNA was isolated from liver according to the procedure described in detail 
by Roggeband and co-workers". First, the nuclei were isolated by use of 250 
m M sucrose, 100 m M EDTA, pH 7.4, buffer and centrifugation steps. Then the 
chromatin was isolated by incubation with 250 miW sucrose, 25 m M EDTA, 1 % 
triton X-100, pH 7.4, and several centrifugation steps. The DNA was purified 
by treatment with proteinase К and sodium dodecylsulfate (5DS), and 
extractions with phenol, phenol:chloroform:isoamyl alcohol (25:24:1, v/v), and 
chloroform:isoamyl alcohol (24:1, v/v). After precipitation with alcohol the DNA 
was dissolved in ТЕ buffer (10 m M Tris, 25 m M EDTA, pH 7.4) and RNA was 
degraded with RNAse A and RNAse T,. Again the DNA was purified as 
described above, precipitated and dissolved in demi water. The purity of the 
DNA was verified by determination of the A2 6 0/A2 8 0 (1.85-2.0) and Α2 3 0/Α2 β ο 
(0.35-0.45) ratios on a Lambda 5 spectrophotometer (Perkin Elmer, Gouda, 
Netherlands). For the isolation of DNA from lung and WBCs a shorter procedure 
was used. The lung tissue was thawed and homogenized in 20 m M Tris-HCI, 
1mM EDTA, pH 7.4. The WBCs were resuspended in the same buffer. Then 
proteinase К and SDS were added and the same procedure as described above 
was followed. 
32P-postlabeling analysis 
The DNA adducts were determined by the 1-butanol extraction version of the 
32P-postlabeling assay63, with several modifications. The DNA (7.5 //g) was 
digested with 0.75 U of micrococcal nuclease and 0.015 U of spleen 
phosphodiesterase in 22.5 μ\ of 20 m M sodium acetate, 10 m M CaCI2, pH 6.0, 
at 37°C for 3 h. To the digest 15 μ\ of demi water was added. Twenty μ\, 
containing 4//g of digested DNA, was then mixed with 10 μ\ each of 100 m M 
ammonium formate (pH 3.5), and 10 m M tetrabutylammonium chloride and 60 
μ\ of demi water. This mixture was extracted twice with 100 μ\ of 1-butanol. 
The organic phases of both extractions were combined and then back-extracted 
twice with 180 μ\ of demi water. To the 1-butanol extract 2 μ\ of 200 m M Tris 
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was added and the solvent was evaporated in a Speed Vac Concentrator 
(Savant Instruments, Hickville, NY, USA). To concentrate all the adducts at the 
bottom of the Eppendorf tube, again 20 μ\ of 1-butanol was added. After 
evaporation of the solvent the adducts were 32P-labeled by addition of 3 μ\ of 
demi water and 7 μ\ of kinase reaction mix containing 3.0 U T4 polynucleotide 
kinase, 2.4 MBq carrier free y-[32P] ATP, 100 m/W bicine, 100 m/W magnesium 
chloride, 100 m M dithiothreitol and 10 mM spermidine, pH 9.0, followed by 
incubation at 37°C for 40 min. A 9 μ\ aliquot was applied to a 200 χ 100 mm 
PEI-cellulose sheet with a 70 mm wick, which was developed in the following 
solvents: D,, 1 M sodium phosphate, pH 6.0 (ca. 65 h, top-bottom); D3, 3.5 M 
lithium formate, 7 M urea, pH 3.5 (5 h, bottom-top); D4, 1.2 M lithium chloride, 
0.5 M Tris, 7 M urea, pH 8.0 (4.5 h, left-right); D5, 1.7 M sodium phosphate, 
pH 6.0 (overnight, top-bottom). Between two developments the PEI-cellulose 
sheets were washed with aqua pura and air-dried. Radiolabeled adducts on the 
chromatogram were localized by autoradiography at -70°C with a Kodak XAR-5 
film (Eastman Kodak, Rochester, NY, USA) and intensifying screens. The spots 
were cut out and the radioactivity was determined with a liquid scintillation 
analyzer (Packard Cranbera). 
DNA adduct quantitation 
The amount of DNA used per 32P-postlabeling assay was determined after 
enzymatic digestion, by use of fast protein liquid chromatography (FPLC) on a 
Mono Q anion-exchange column (Pharmacia)54. By use of the area of the 3'-
dGMP peak and appropriate standards, the amount of DNA was calculated. The 
absence of RNA could also be verified with this method. For the quantitation of 
the 32P-labeled adducts, two standard DNA samples with known amounts of 
BP-N2-dG, as determined by synchronous fluorescence spectroscopy analysis, 
were routinely included in each postlabeling experiment. The total amount of 
adducts in these standard samples present on the chromatogram was plotted 
against the radioactivity in the adduct spots. With this calibration curve and the 
results of FPLC analysis and radioactivity measurements, the modification levels 
of other DNA samples were calculated5 4. The repeatability for DNA adduct 
determinations from liver, lung and WBC was calculated to be 20-40%. 
Determination of urinary metabolites 
A detailed description of the analysis of urinary metabolites of 2-NF and 2-AF 
will be published elsewere (PTJ Scheepers, DD Velders, RP Bos and J 
Noordhoek, in preparation). Briefly, depending on metabolite concentrations in 
the mixtures, which were determined through preliminary analysis, the mixtures 
were diluted (5-100 times) with demi water to fit the range of calibration. 
Volumes of 15 ml of the diluted mixtures were hydrolyzed overnight by 
incubation with 30 ml of 0.1 N acetate buffer (pH 4.9) and 20 μ\ of ß-
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glucuronidase/arylsulfatase mixture in a rotary shaker at 37°C. Urine standards 
and samples were cleaned in duplicate by solid-phase extraction using Sep-Pak 
C1 8 cartridges. All eluates were stored overnight at -20°C under N2. The eluates 
were evaporated to dryness under a gentle stream of N2 at 45°C. Next, the 
dried residues were derivatized with 20 μ\ of HFBI for 1 h at 90°C. To the 
resulting derivatization mixtures 2.0 ml of /7-hexane were added followed by 
thorough mixing and sonication for 1 min. Excess derivatization reagent was 
neutralized with demi water. The л-hexane layers were removed and dried 
under a gentle stream of N2 at 30°C. The dried residues were dissolved in 100 
μ\ of isooctane and placed in inserts of screw cap vials for analysis by GC-MS. 
The coefficient of variation as calculated from standard additions in urine 
samples amounted to 3 - 12%. Based on the analysis of urine samples from 
exposed rats the repeatability was calculated to be 5 - 3 0 % . 
Calculations 
For the analysis of Hb adducts (2-AF) and urinary metabolites calibration curves 
were constructed by plotting the ratio of the peak areas of the individual 
compounds and the internal standard versus the compound's concentration in 
the standards of urine or Hb solution. Linearity was established by linear 
regression analysis. 
From DNA and Hb adduct determinations in triplicate or duplicate, arithmetic 
means were calculated for every single animal. In the case of nondetectable 
DNA adduct levels, half of the limit of detection (0.005 fmol///g) was used in 
calculations. Statistical significance of differences was tested using a two-tailed 
Student's f-test based on unpaired observations (to evaluate differences 
associated with the microbiological status) and paired observations (to evaluate 
differences in adduct levels). Differences withp-values < 0.05 were designated 
as significant 
Results 
Bacterial analysis of the content of the ceca of the GF rats confirmed the 
absence of a microflora. The microbiology of the ceca of the RM and HM rats, 
characterized by counts of Streptococci, Staphylococci, Enterobacteriaceae 
(aerobically cultured), and Lactobacilli, Bacteroides, Clostridia, Bifidobacteria, 
Veillonella (anaerobically cultured), and the abundance of yeasts and fungi was 
consistent with the microbiology of the feces that were given by gavage. The 
microbiology of the intestine of the GF, HM and RM rats has been reported in 
section 4.2 5 S . 
The adduct patterns after 32P-postlabeling of the DNA samples from all rats 
treated with 2-AF were qualitatively identical (Figure 1). The major adduct (70-
8 0 % of the total amount) was tentatively identified by co-chromatography as 
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dG-C8-AF and a second adduci (10-25% of the total amount) migrated in the 
same area as the dG-C8-AAF adduct. Furthermore, various unidentified adducts 
were detected which contributed less than 5% to the total amount. The adduct 
level in the liver was about 3-5 times higher than that in the lung (p < 0.001) 
and 10 times higher than that in the WBCs (p < 0.001). 
In addition to the adducts already mentioned, some other DNA adducts were 
detected in rats treated with 2-NF. In the liver one of these unidentified adducts 
was the major spot (cf. Figure 1). In lung and WBCs this spot X could not be 
detected and the dG-C8-AF adduct was again the major spot. The total amount 
of 2-AF and 2-AAF adducts in rats treated with 2-NF was about 5-10 times 
smaller than in rats treated with 2-AF. 
Fig. 1. Autoradiograms of 32P-
postlabeled DNA isolated from 
livers of RM rats that received 
an intragastric dose of 1.0 
mmol/kg 2-NF lupperl or 2-AF 
/lower). The 3D-4D part of 
the chromatogram is shown. 
Spot B, dG-C8-AF; spot C, 
dG-C8-AAF; spot X, '2-NF 
specific' adduct. 
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Table 1. Amounts of DNA adducts as determined in the tissues of GF, RM and HM rats 
that received 1 mmol/kg 2-AF by gavage. 
GF HM RM 
Liver 
Lung 
WBC 
dG-C8-AF· 
dG-C8-AAFb 
dG-C8-AF· 
dG-C8-AAF" 
dG-C8-AF" 
dG-C8-AAFb 
3.67 
5.61 
0.90 
1.19 
1.99 
2.61 
0.23 
0.20 
0.49 
0.46 
0.07 
1.48 
2.48 
0.53 
1.05 
0.40 * 
0.59 
0.19 
0.21 
0.32 * 
0.24 
0.07 
0.05 
2.58 
2.53 
0.50 
0.48 
0.23 
0.54 
0.02 
0.07 
0.20 
0.19 
0.06 
0.06 
Means of determinations in duplicate or triplicate (fmol///g DNA) of each animal 
are presented; Differences as compared to levels in GF rats: * ρ < 0.05, ** ρ 
< 0.01; ' DNA adduct co-migrating with dG-C8-AF; b DNA adduct comigrating 
with dG-C8-AAF. 
In Table 1 the adduct levels are given for liver, lung and WBC DNA from 2-AF-
treated GF, RM and HM rats. Only the values for the two major adducts, dG-
C8-AF and dG-C8-AAF, are listed. In lungs and WBCs, DNA adduct levels in 
HM and RM rats that received 2-AF were significantly lower as compared to 
those determined in GF rats. A similar tendency (towards lower adduct levels in 
HM and RM rats) was observed in the liver, but in this case the difference was 
not significant. Among the rats that received 2-NF no significant differences in 
the dG-C8-AF adduct levels associated with the microbiological status were 
observed (Table 2). 
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Table 2. A m o u n t s of DNA adduets as determined in the tissues of GF, RM and HM rats 
that received 1 mmol/kg 2-NF by gavage. 
GF H M RM 
liver 
dG-Ce-AF' 0.06 
0.04 
X" 0.43 
0.39 
Lung 
WBC 
dG-C8-AF· NDC 
ND 
X" ND 
ND 
dG-C8-AF' ND 
ND 
X" ND 
ND 
0.07 
0.62 
0.12 
0.19 
0.21 * 0.20 
0.16 
0.03 
0.06 
ND 
ND 
0.04 
ND 
ND 
ND 
0.37 
0.05 
0.12 
ND 
ND 
0.15 
0.38 
ND 
ND 
Means of determinations in duplicate or triplicate (fmol/^g DNA) of each animal 
are presented; Differences as compared to levels in GF rats: ' ρ < 0.05; * DNA 
adduct comigrating with dG-C8-AF; b 'NF specific', as yet unidentified adduct, 
c
 ND = not detected (< 0.01 fmol///g DNA). 
In the liver of GF-rats the 'NF specific' adduct (spot X, cf Figure 1 ) was predominant, whereas 
a shift towards the AF adduct was seen in HM and RM rats. For HM rats the intensity of spot X 
was significantly lower relative to the levels observed in GF animals (p < 0.05). Adduct X was 
not detected in lung and WBC DNA. 
In Figure 2 the levels of Hb adducts and total DNA binding in 2-AF-treated 
GF, RM and HM rats are shown. A significant difference is observed in the Hb 
adduct level recovered from the blood of GF animals as compared to HM (p < 
0.05) and RM rats (p < 0.01). DNA adduct levels show a pattern that is 
opposite to that of the Hb adduct levels. The presence of a microflora 
corresponds with a lower level of DNA modifications. 
194 Biological effect monitoring 
Hb adducts [μιτιοΙ/g Hb] DNA adducts [fmol/^g DNA] 
8 
l i 
(GF) 
Π 
/ 
/ 
/ 
l 
I 
I 
I 
(HM) 
* * 
(RM) 
* * 
_SJ BJL 
RBC Liver Lung WBC RBC Liver Lung WBC RBC Liver Lung WBC 
Fig. 2. Levels of total DNA and Hb adduci binding after 48 h in Wistar rats intragastri-
cally exposed to 1 mmol/kg 2-AF; Each bar represents adduci levels from one animal. 
Differences as compared to levels in GF rats: * ρ < O.OS; ** ρ < O.Ol; Hb adducts 
tieft axis), hatched bars; DNA adducts /right axis): crossed bars, dG-C8-AF; filled bars, 
dG-C8-AAF; open bars, unkown. 
Figure 3 shows the Hb and DNA adduci levels of the rats after treatment 
with 2-NF. Hb adducts were not detected in the absence of a microflora. We 
did not observe a significant difference in Hb adduct levels when comparing HM 
and RM rats. These adduct levels were a factor 100-250 lower than the levels 
observed in rats treated with 2-AF. DNA adducts coeluting with dG-C8-AF were 
observed at a considerably lower level than the adduct levels in rats that were 
treated with 2-AF. 
The adducts migrating in the dG-C8-AAF area were not detected in 2-NF-
treated rats. DNA adduct levels observed in the liver of GF rats could be 
attributed primarily to the unidentified 'NF specific' adduct (spot X in Figure 1, 
upper panel). In HM rats this adduct level was significantly lower as compared 
to GF rats, whereas the relative amount of the dG-C8-AF adduct was increased. 
The presence of a microflora also gave rise to formation of the latter adduct in 
lungs and WBCs. 
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Fig. 3. Levels of total DNA and Hb adduct binding after 48 h in Wistar rats intragastri-
cally exposed to 1 mmol/kg 2-NF; Each bar represents adduct levels from one animal. 
Differences as compared to levels in GF rats: * ρ < O.OS; Hb adducts Heft axis), 
hatched bars; DNA adducts (right axis): crossed bars, dG-C8-AF; filled bars, '2-NF 
specific' adduct (spot X); open bars, unkown. 
In Table 3 the levels of acetylated and hydroxylated metabolites in urine of 
rats that received 2-AF are presented. Levels of metabolites excreted after 2-NF 
administration are presented in Table 4. In Figure 4 chromatograms are shown 
of GC-MS analysis of urine sampled over a period of 24 h from RM rats that 
were treated with 2-AF or 2-NF, respectively. The results refer to the sum of 
the urinary levels of both acetylated and nonacetylated metabolites that were 
determined after hydrolysis of the urine by ß-glucuronidase and arylsulfatase. In 
rats receiving 2-AF, the metabolites 5- and 7-0H-2-(A)-AF were found to be 
major metabolites, irrespective of the microbiological status. Differences in 
urinary excretion of the individual metabolites that were quantitated depending 
on the microbiological status of the rats, were smaller than a factor of two. In 
the GF rats significantly smaller excreted amounts of 2-(A)AF and 9-OH-2-(A)AF 
were observed during the period of urine collection. 
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Table 3. The presence of conjugated and nonconjugated metabolites in urine of rats 
collected during the first 24 h after intragastric administration of 2-AF. 
GF HM RM 
2-(A)AF" 
1-OH-2-(AI-AF' 
3-OH-2-(A)-AF" 
B-OH-2-(A)-AFa 
7-OH-2-(A)-AFs 
8-OH-2-(A)-AFa 
9-OH-2-(A)-AF" 
x-OH-2-(A)-AFa 
x-OH-2-NF 
28 
30 
+ " 
+
 b 
+ ° 
+ " 
226 
246 
373 
401 
30 
31 
24 
33 
+
 c 
+
 c 
ND " 
ND 
86 
419 
+ " 
+
 ь 
+ " 
+
 b 
644 
855 
737 
1061 
41 
56 
85 
160 
+
 c 
+
 c 
ND 
ND 
117 
262 
+ 
+ 
+ 
+ 
647 
653 
558 
625 
44 
60 
203 
146 
+ 
+ 
ND 
ND 
Metabolite excretion (nmol) observed in two rats is presented; " Because of 
the derivatization technique used, it was not possible to distinguish between 
acetylated an nonacetylated metabolites of 2-AF. The results represent the 
sum of both forms; Identified but not quantitated because of incomplete 
derivatization; 'Tentative identification based on molecular mass and 
fragmentation pattern; dND, not detected. 
In the rats that received 2-NF, the metabolites 9-OH-2-(A)AF and, to a lesser 
extent, 7-OH-2-(A)AF were observed as abundant metabolites. Again, 
differences between the quantity of urinary metabolites excreted by RM and 
HM rats were not significant. In GF rats the excretion of all urinary metabolites 
that were quantitated was reduced to less than one tenth of the excreted level 
in the RM and HM rats. 
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Table 4. The presence of conjugated and nonconjugated metabolites in urine of rats 
collected during the first 24 h after intragastric administration of 2-NF. 
GF HM RM 
2-(A)AF" 2 15 23 
1 21 28 
1-OH-2-(A)-AF' + " + b + 
+ " + ь + 
3-OH-2-(A)-AF' + b + b + 
5-OH-2-(A)-AF' 
7-OH-2-(A)-AF" 
8-OH-2-(A)-AF' 
9-OH-2-(A)-AF' 
x-OH-2-{A)-AF· 
x-OH-2-NF 
Metabolite excretion (nmol) observed in 2 rats is presented; "Because of the 
denvatization technique used, it was not possible to distinguish between 
acetvlated an nonacetylated metabolites of 2-AF. The results represent the sum of 
both forms. Identified but not quantitated because of incomplete denvatization; 
'Tentative identification based on molecular mass and fragmentation pattern (each 
of the ' + ' represents a single compound) 
In all of the rats receiving 2-NF we have observed the appearance of 
metabolites in the chromatogram, in addition to the pattern of metabolites that 
was observed in the urine collected from rats receiving 2-AF. Four of these 
extra peaks in the chromatogram represented compounds with molecular mass 
and fragmentation patterns similar to 2-NF phenols (PTJ Scheepers, DD 
Velders, RP Bos and J Noordhoek, in preparation). 
4 
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і ех 
Fig. 4. Chromatogram of GC-MS analysis of urine samples of RM rats that 
received an intragastric dose of 1.0 mmol/kg 2-AF (upper panel) or 2-NF (lower 
panel). Because of the derivatization technique used, it was not possible to 
distinguish between acetylated and nonacetylated metabolites of 2-AF. The 
results represent the sum of both forms. The retention times in the upper and 
lower panel are different because of a change in GC column length. 1 = 1-0H-2-
(A)AF; 2 = 3-OH-2-(A)AF; 3 = 9-0H-2-(A)AF; 4 = 2-IAIAF; δ = internal 
standard I2-A-7-FF); 9 = S-OH-2-(A)AF; 10 = 8-0H-2-IAIAF; 13 = 7-OH-(A)AF; 
6, 11. 14 and 15 = tentatively identified as x-OH-2-NF, based on molecular mass 
and fragmentation pattern (peak number 11 possibly represents two compounds); 
7, 8 = possible identity based on molecular mass of derivatization product, 
however, in 2-NF-treated rats amounts were too small to verify mass spectral 
data; 12 = tentatively identified as x-0H-2-(A)AF. The internal standard and the 
metabolites 1 and 2 in rats receiving 2-NF are not presented as peaks in the 
chromatograms, because of their relatively small contribution to the total ion 
chromatogram. The mass spectrum (not presented) clearly showed their molecular 
ions and characteristic fragments. 
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Discussion 
It was the objective of this study to investigate the impact of the intestinal 
microflora on the metabolic activation and macromolecular binding of 2-NF and 
2-AF. In order to study the role of nitroreduction by intestinal bacteria in the 
formation of reactive metabolites, rats with different intestinal microflora were 
treated with these compounds. Hb adduct levels were determined in blood and 
DNA adducts were analyzed in liver and lung tissue and in WBCs. The results 
obtained from rats that received 2-AF suggest a difference in the role of the 
microflora in the formation of DNA adducts on the one hand and of Hb adducts 
on the other, as indicated by the large difference in the observed adduct levels 
between GF, RM and HM rats after 2-AF administration. 
The difference in the levels of Hb adducts, depending on the presence of a 
microflora, can be explained by enterohepatic recirculation of 2-AF. We 
suppose that the /V-glucuronide conjugates of 2-AF and N- and O-glucuronides 
of OH-2-AF formed during passage of the liver and excreted via the bile56 are 
deconjugated by the intestinal microflora (Figure 5). Next, 2-AF would be 
reabsorbed to re-enter the enterohepatic cycle. In every passage of the liver N-
OH-2-AF may be formed that can be further metabolized in the RBC to form Hb 
adducts. Reabsorption of aromatic amines from the gut after bacterial reductive 
actions has also been reported in other studies57"58. 
We did not observe this influence of the microflora on the formation of DNA 
adducts in liver, lung and WBCs. On the contrary, we noticed a tendency 
towards lower DNA adduct formation in either of these tissues in HM and RM 
rats as compared to GF animals. Two factors are possibly involved. First, the 
microflora may activate conjugates of 2-AF to genotoxic intermediates that can 
bind to intestinal mucosal macromolecules and/or intestinal content (bacteria 
and fiber)59"60. This process is enhanced because of the presence of bacterial ß-
glucuronidase activity in the microflora61"63. By enhancing bioactivation and 
tissue-binding the microflora would prevent conjugates from becoming 
systemically available, thus leading to lower levels of DNA adducts in liver and 
lung tissues and in WBCs. The activation of arylamines by the microflora has 
previously been described for 2-AF, 6-aminochrysene and 2-
aminoanthracene56,64"65. Similar bioactivation and macromolecular binding in the 
gastrointestinal tract was also suggested by Ball and King35, who observed 
accumulation of [uC]-labeled material in the gastrointestinal tract derived from 
intratracheal administration of [14C]1-NP. The activation of 1-NP by the bacterial 
microflora together with activation in the intestinal mucosa was observed to 
give rise to a higher tumor incidence in this tissue66. 
Second, differences in biotransformation may be caused by various 
morphological and physiological disparities between the GF animals and the RM 
or HM animals. In GF rats the cecum is enlarged55 (see section 4.2). 
Morphological differences in the intestinal mucosa and differences in mucosal 
enzyme activity or pH may modify the formation of Hb and DNA adducts (see 
Rowland and Wise67 for a review). Secondary effects on hepatic enzyme 
activities cannot be excluded39. 
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The influence of dietary factors which are also known to affect microbial 
biotransformation activities can be excluded since the GF, RM and HM rats 
received standardized food and water. 
The divergence observed in Hb and DNA adduct formation dependent on the 
presence of a microflora indicates that the mechanisms of binding of 
metabolites to Hb and DNA are different. Hb adduct formation may be 
enhanced by recirculation of nonconjugated 2-AF, /V-hydroxylation in the liver 
and further oxidation of this metabolite in the RBC. The level of Hb adducts 
depends on the systemic availability of the moderately reactive nonconjugated 
/V-OH-2-AF. This is a metabolite that may cross biomembranes such as the 
membranes of liver cells and RBCs. Its final activation to the highly reactive 
nitroso intermediate takes place in the RBC. 
An important intermediate in DNA adduct formation is presumed to be the 
electrophilic nitrenium ion. This can be formed after release of a good leaving 
group such as an /V-acetoxy, /V-sulfooxy, or O-glucuronide group, from a bile 
product68. In the absence of a microflora the more stable conjugates such as 
the O-glucuronides are excreted with the feces. In the presence of a microflora 
the intestine becomes an important target organ because an extensive local 
bacterial bioactivating capacity is introduced. Glucuronide conjugates cleaved 
by bacterial ß-glucuronidase and other bacteria-mediated bioactivations of bile 
products, expose the tissues to reactive electrophilic nitrenium ions that react 
readily with cellular nucleophiles causing mucosal tissue-binding or binding to 
the intestinal content. This enhanced level of binding would prevent 
electrophilic compounds from becoming systemically available and thus tend to 
decrease DNA adduct formation in lung, liver and WBCs, all to a similar extent. 
The divergence in Hb and DNA adduct formation suggests that these 
electrophilic metabolites (that have been formed after the first passage of the 
liver) are important intermediates that may give rise to DNA adduct formation. 
We suggest that /V-sulfooxy and /V-acetoxy derivatives of 2-AF and similar 
strong electrophilic metabolites formed in the liver are involved in both hepatic 
and extrahepatic DNA adduct formation rather than the nonconjugated 2-AF 
and /V-OH-2-AF (precursors of 2-nitrosofluorene, which is suggested to be the 
ultimate electrophilic intermediate reacting with Hb). The role of these 
intermediates of DNA adduct formation has been confirmed in the formation of 
hepatic dG-C8-AF adducts68 M. 
In HM and RM rats, administration of 2-NF gave rise to much lower levels of 
Hb and DNA adducts as compared to the animals receiving 2-AF. These results 
suggest that the bioavailability and bioactivation of 2-NF leading to adduct 
formation is less effective as compared to activation and adduct formation by 
2-AF. We have not detected Hb adducts and only very low levels of dG-C8-AF 
DNA adducts in 2-NF-treated GF rats, suggesting that the microflora plays an 
important role in directing the bioactivation (nitroreduction) of 2-NF. In the livers 
of rats that received 2-NF we observed an adduct that did not appear in either 
of the tissues analyzed of the rats that received 2-AF (spot X, Figure 1). 
It should be noted that the total amount of adducts determined by 32P-
postlabeling for the rats treated with 2-NF may not be directly compared with 
that in rats treated with 2-AF. The recovery of the BP-/V2-dG adduct (the 
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reference adduct used for quantitation) and the dG-C8-AF adduct in the 1-
butanol extraction-enhanced version of the 32P-postlabeling assay is about 
100% for dG-N2-AAF and for dG-C8-AAF about 8 0 % " . Since the identity of 
the '2-NF specific' adduct is not known, the recovery in the 1-butanol 
extraction step is also unknown. Therefore, the absolute level of this adduct 
may be underestimated and could be higher than calculated here. 
From the present data we cannot draw conclusions about the identity of the 
2-NF specific adduct or the reactive intermediate ultimately leading to covalent 
binding. It has been suggested by that after intraperitoneal administration of 
[3H]2-NF, an adduct is formed via epoxidation of 2-NF by hepatic microsomal 
bioactivation28, whereas other authors observed only dG-C8-AF after 
administration of 2-NF70. In our study the contribution of the unidentified 2-NF-
derived adduct to total DNA adduct levels in the liver of GF rats was relatively 
high as compared to that of the dG-C8-AF adduct. This difference is much 
smaller in animals with a microflora, demonstrating that the microflora plays a 
role in directing DNA binding of 2-NF metabolites. 
The urinary excretion was studied by determination of the levels of 
hydroxylated (acetyl)aminofluorenes in the urine excreted within 24 h after 
administration. Because of the derivatization technique used in the analysis, it 
was not possible to distinguish between acetylated and nonacetylated 
metabolites of 2-AF. The results represent the sum of both forms. Levels of 
metabolites in urine of rats after 2-AF administration, were significantly smaller 
in the GF rats as compared to rats equiped with a microflora. This supports the 
suggestion of enterohepatic recirculation, since in every passage through the 
liver a portion of the passing metabolites would be conjugated and excreted 
with the urine. Similar results have been previously reported for [3H]1-NP66-71. 
Differences in the excreted levels of specific metabolites such as 2-(A)AF and 
9-OH-2-(A)AF as dependent on the presence of a microflora could be the result 
of a shift in metabolic pathway or may indicate differences in kinetic behavior 
of these metabolites (e.g. extent of enterohepatic recirculation) in response to 
the presence of a microflora. 
The very small amounts of hydroxylated 2-{A)AF excreted by GF rats that 
received 2-NF as compared to RM and HM rats, suggest a strong influence of 
the microflora in directing the metabolism to nitroreduction and ring 
hydroxylation. The remaining nitroreduction capacity in GF rats that caused the 
appearance of small amounts of 2-AF derivatives in the urine is consistent with 
the observed low level of Hb adducts. 
In all of the GF, HM and RM rats we have observed the appearance of four 
metabolites that have molecular ions corresponding to phenolic metabolites of 
2-NF. These products were not observed in the urine samples of rats receiving 
2-AF. The compounds 7- and 9-OH-2-(A)AF were found to be major metabolites 
excreted during the first 24 h after administration. In addition to these 
compounds, Möller and co-workers72 also referred to 5-OH-2-(A)AF as a major 
metabolite. These results were based on the analysis of urine samples that 
were collected over a period of four days following oral administration of [14C]2-
NF. The level of excretion of 5-OH-2-(A)AF may have been more prominent 
after the first 24 h from the moment of administration. This was not verified 
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since in the present study urine collection ceased after 24 h. 
It remains to be investigated if, and to what extent, the differences observed 
in Hb adduct formation, DNA adduct formation and urinary metabolite excretion 
in rats with and without an intestinal microflora are dependent on such factors 
as dose, exposure time and route of administration. Results obtained by Ayres 
and co-workers73 suggested that the level of macromolecular binding of 1-NP 
observed at a certain moment after administration may be dependent on the 
time course of formation and breakdown of covalently bound material and not 
on the contribution of the gut microflora metabolism. 
Marked differences in cecal acitivities of ß-glucuronidase and nitroreductase 
have been observed among rodent species and man74 which complicates 
extrapolation of data obtained from these animal experiments to human 
biotransformation. However, in this study we have shown the possible use of 
supplying GF animals with an intestinal microflora derived from humans. This 
approach might be helpful to understand the role of the intestinal microflora in 
macromolecular binding of nitroaromatics and arylammes in humans. 
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5 
General discussion 
and 
conclusions 

5.1 
Possibilities for 
environmental monitoring 
Specificity of 1 -nitropyrene for diesel exhaust 
During the combustion process in a diesel engine nitro-PAHs may be formed by 
two mechanisms: by nitration of PAHs with nitric acid or by addition of NO or 
N 0 2 to PAH free radicals that are generated during the combustion process. 
Nitro-РАН formation is facilitated by the high temperature in the combustion 
chamber and by the rather large amounts of excess air to the combustion 
process. These conditions may also be encountered as a result of other 
combustion processes such as aircraft emissions1, kerosine and liquified 
petroleum gas burning2, or other combustion processes under similar 
conditions3. In some of these combustion sources nitro-PAHs have been 
identified as constituents of the effluent gas (see Chapter 2). The presence of 
nitroarenes in cigarette smoke condensate was suggested but not confirmed by 
GC-MS analysis4"5. We have analyzed air samples collected from a poorly 
ventilated waiting room. We did not detect 1-NP in 10 m3-samples at a 
detection limit of 10 pg on-column using the GC-MS method that was described 
in section 2 . 1 . We are not aware of other (recent) reports of attempts to 
identify nitro-PAHs in tobacco smoke. 1-NP was determined at levels ranging 
from < 0.03 to 11.90 ng/g grilled food6"7. Larsson and co-workers8 showed 
that nitro-PAHs were not detected in foodstuffs that contained high levels of 
PAHs. 
Nitro-PAHs may also be formed by photochemical reactions in the 
atmosphere. Studies in reaction chambers have shown that under simulated 
atmospheric conditions parent PAHs may be converted into their nitro 
derivatives. The underlying mechanism is based on the reaction of OH radicals 
in the presence of NO and/or N 2 0 5 radicals with PAHs. The nitro-derivatives of 
pyrene formed via this mechanism (2- and 4-nitropyrene) are different from the 
isomer originating from the electrophilic nitration or reactions with PAH free 
radicals (1-NP)9. Some investigators who studied the atmospheric formation of 
nitro-PAHs suggested that 1-NP in the ambient air originates from combustion 
sources 9 1 0 and more specifically from diesel engines 1 1 1 2 . 
1-NP may also be formed when pyrene adsorbed on the filter is exposed to 
N 0 2 in the presence of light. It is suggested that nitric acid rather than N 0 2 
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would lead to nitration of PAHs that are adsorbed onto the filter surface13"14. 
This artificial formation of nitro-PAHs during sampling from workplace 
atmospheres cannot be completely ruled out. This also accounts for the results 
presented in Chapter 2. However, there are several indications that nitro-PAHs 
are formed independent of the use of an air sampling device. Paschke and co-
workers16 recently reported the presence of both 1-NP and 2-NF in tail pipe 
deposits. In a cellulose storing facility of a paper mill we have identified 1-NP 
by GC-MS in dust deposits in a workplace contaminated with DE from fork lifts 
(unpublished results). In 1:10 diluted samples of exhaust collected at 
temperatures below 52°C from diesel-powered vehicles running simulated 
driving cycles on a chassis dynamometer, artificial formation of nitro-PAHs was 
estimated to remain below 20% during periods of less than one hour of 
sampling16'19. Although sampling time and volume may be greater (4-8 h) during 
sampling of ambient air, usually levels of PAHs and NOx as well as the filter 
temperature are much lower (< 25°C) because of the (much) larger dilution 
(1:102-103) of the exhaust mixture in open air20. 
Stability of 1 -nitropyrene 
In solutions 1-NP may be converted to its hydroxylated derivatives or pyrene 
quiñones after irradiation with light2125. 1-NP adsorbed onto carbon black or 
silica particles was found to be more resistant to oxidation, further nitration or 
other chemical reactions as compared to 1-NP in solutions22. Once DE 
particulates containing known amounts of 1-NP are adsorbed on a filter, 
exposure to pure air, 100 ppb of ozone, 100 ppb of S02 or 100 ppb of N0 2 did 
not indicate any physical or chemical removal of 1-NP, irrespective of the filter 
material14. Photodecomposition generally leads to a lower mutagenic potency of 
the reaction mixture in Salmonella typhimurium than the mutagenic potency of 
the precursor 1-NP23,26. In one study an increase was observed25. The variation 
in 1-NP levels in outdoor air samples is much smaller than that of 2-
nitrofluoranthene and 2-nitropyrene suggesting a very limited influence of 
atmospheric conditions on formation and/or stability of 1-NP27. 
1-Nitropyrene as a marker for the mutagenicity of 
diesel exhaust extracts 
In addition to its use as a marker for the origin of particulate matter in the 
workplace environment, 1-NP may be used to represent the mutagenic potency 
of particulate sample extracts (see 2.2). Although this determination of 1-NP in 
DE particulate extracts was validated for both indoor and outdoor workplaces 
the correlation between the 1-NP content of particulate extracts and their 
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mutagenic potencies depends primarily on the results of indoor samples. In the 
outdoor samples we have observed a tendency to enhanced mutagenic potency 
relative to the 1-NP content (compared to an indoor samples, see 2.2). We have 
suggested that a contribution of mutagens from atmospheric origin may explain 
this surplus mutagenic potency. This effect is important because of the 
relatively low levels of 1-NP (representing low concentrations of DE-derived 
particulate matter) that were observed in outdoor workplaces (cf. Chapter 2). 
The role of mutagens derived from atmospheric formation should be further 
investigated to elucidate their relevance for the toxicological implications of 
aging and photochemical reactions of DE particles. We have not investigated 
the occurrence of 1-NP in urban air or in houses situated along busy streets. 
Possibilities of using 1-NP as a marker for source apportionment of airborne 
particulate matter collected from these environments should be further 
investigated. 
1-Nitropyrene as a marker for occupational exposure 
to diesel exhaust 
For occupational exposure assessment the use of the inhalable particulate dust 
fraction (ISPM) as an indicator of exposure does not adequately describe 
potential exposure to DE (see 2.2). Also, the respirable fraction (RSPM) does 
not offer a reliable exposure estimate because process emissions other than 
diesel may contain several types of RSPM. For a more specific assessment of 
occupational exposure to DE, we propose the use of 1-NP as a marker. This 
compound is present, adsorbed onto the particulate phase, and may thus be 
adequate as an indicator for the particulate fraction of DE. If the 1-NP content 
is determined in samples of freshly emitted DE and in samples of ISPM collected 
from the workplace atmosphere, the weight% contribution of DE particles to 
the inhalable dust fraction can be calculated from the ratio of their respective 1-
NP contents. For the use of 1-NP as a marker, freshly emitted DE particles must 
be sampled immediately after emissions from the tail pipe of a vehicle on the 
workplace. Attention must be given to possible artificial formation of 1-NP, and 
instability of the compound during sampling and storage prior to analysis. Also, 
analysis of freshly sampled DE particulate extracts may require a further 
optimized work-up than is achieved by the procedure that was described in the 
present work (see section 2.1). 
The use of 1-NP as a marker is preferred over other proposed marker-based 
methods such as the method that is used in Germany28"30. This approach is 
based on the colometric determination of the carbon content of dust collected 
on glass fiber filters. It may not be specific in workplaces where elemental 
carbon is derived from other sources than diesel engines such as in coal mines 
and foundries. Furthermore, the exposure to carbon cannot be used as an 
indicator of the exposure to (geno)toxicologically relevant constituents of the 
particle-associated organic fraction. 
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In the United States the exposure of railroad workers to DE was estimated by 
determination of the RSPM and adjustment for the contribution of 
environmental tobacco smoke by the nicotine content of the collected 
particles31 3 2. This correction is not very accurate since the nicotine content of 
environmental tobacco smoke may vary considerably between brands33. Beside 
tobacco smoke there may be many other sources of respirable matter at 
workplaces that contribute to the RSPM fraction (welding fumes, silica dust, 
and other particles derived from nondiesel combustion sources). 
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5.2 
Possibilities for 
biological monitoring 
There are clear indications that the particulate fraction (carbon core with 
adsorbed organics) plays an essential role in the induction of lung tumors in 
experimental animals (see IARC1 and section 1.2). It is not known to what 
extent components in the gas phase would modify this carcinogenic potency. 
However, after filtering the particulates from diluted DE, the remaining gas 
mixture did not induce tumors in rodents2'7. Based on negative results in studies 
of rodents inhaling filtered DE, also noncancer toxicity is considered to be 
located exclusively in the particulate phase of DE. Therefore, markers that are 
used for biomonitoring should preferably be adsorbed to particles. 
At workplaces associated with the use of diesel engines, exposure to PAHs 
(and PAH derivatives) is relatively low compared to aluminum industry, coke 
ovens, wood impregnation facilities (creosote), and road pavement operations 
using coal tar-derived materials1. Biological monitoring of the exposure to PAHs 
and PAH derivatives originating from DE therefore requires extremely sensitive 
methods. 
When occupational exposure is investigated interferences from other sources 
of PAH exposure such as smoking and diet can be expected8"9. Therefore 
attention should be given to the validation of BM parameters with reference to 
possible work-related or life style-related interferences. 
Organics adsorbed to DE particles deposited in the nonciliated part of the 
lungs may become bioavailable by slow desorption and be absorbed by the 
epithelial lung cells. Some ultrafine particles may also penetrate the bronchial 
mucosa10"11. Particles deposited in the nonciliated parts of the lungs may be 
engulfed by alveolar macrophages and eliminated via the mucociliary escalator 
and gastrointestinal (Gl) tract. This route is also followed by particles that are 
deposited in the ciliated parts of the lungs. During its passage through the Gl 
tract, organics may become bioavailable and be absorbed in the circulation. In 
the case of lung overloading, particles may be sequestered in focal areas of the 
lung tissue and transferred to the lymph nodes3"4,12"13. In that case slowly 
leaching organics may enter the circulation via the lymphe. 
Because organics adsorbed onto diesel soot particles become bioavailable by 
several routes, eventually, these compounds and their metabolites are expected 
to appear in urine and feces. Attempts to trace down these compounds by 
testing urine samples of workers occupationally exposed to DE in the 
Salmonella mutagenicity assay have failed: the mutagenicity of urine samples 
derived from exposed workers was not significantly enhanced compared to the 
mutagenicity of samples from controls14"16. Only smoking was associated with 
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the occurrence of urinary mutagens. 
The use of new Salmonella typhimurium strains (YG1012 and YG1024) 
overproducing enzymes that are involved in the metabolic activation of 
nitroarenes and arylamines (nitroreductase and O-acetyltransferase), with and 
without exogenous metabolic activation by addition of rat liver S9, showed that 
some of the observed mutagenicity in urine of rats exposed to nitro-PAHs by 
gavage is derived from amino and nitro substituents (see section 3.1). This 
activity was partly derived from aglycones of previously glucuronide-conjugated 
metabolites. Addition of an exogenous microsomal or cytosolic hepatic 
metabolizing system enhanced the mutagenicity of the urinary metabolites 
excreted by rats treated with 1-NP. Similar additions to urine samples from 2-
NF-treated rats caused a decrease in the mutagenic activity of urine samples 
(see section 3.1). This suggests that the determination of metabolites of 1-NP 
in urine may reflect activation of metabolites by enzyme systems in the liver 
and in the intestine that could also be relevant for human exposure. This would 
support the development of methods for biological monitoring based on the 
determination of metabolites of 1-NP. 
We have developed an immunochemical assay (competitive ELISA) that was 
used to detect metabolites of PAHs and their nitro derivatives in urine samples 
from persons occupationally exposed to DE (see 3.2 and 3.3). With the 
antibody used in this assay pyrene and benzo[a]pyrene and their amino 
derivatives may be detected and quantitated in urine samples17. Crossreactivity 
to 2- and 3- ring PAHs is rather low. The crossreactivity for 1-OH-P was also 
rather low in urine samples from persons highly exposed to pyrene [ca. 1 
//g/m3) and other PAHs derived from creosote (see section 3.3). The antibody 
characterization suggests that metabolites of high molecular weight compounds 
(4-5 ring PAHs) and metabolites of nitro-PAHs (such as amino derivatives) are 
primarily determining the outcome of the immunoassay. We suggest that the 
majority of the compounds responding in the immunoassay are derived from 
particle-adsorbed PAHs or PAH derivatives. This is illustrated by the correlation 
that was observed when plotting the personal exposure levels to inhalable dust 
versus the excreted level of urinary metabolites as determined in the 
immunoassay (see section 3.3). Furthermore, smoking only showed minor 
interference in the relationship between personal inhalable dust exposure and 
the outcome of the immunoassay. 
In order to verify the origin of metabolites detected in urine samples collected 
from persons occupationally exposed to DE, positive identification of 
compounds specific for DE exposure would be required. Therefore a specific 
method (e.g. GC-MS) for the positive identification of metabolites of 1-NP 
should be developed. If this validation is conducted, the immunoassay may be 
used to screen large numbers of workers potentially exposed to DE, in order to 
track down persons who are highly exposed to DE. Biological samples from 
these subjects could be collected for further studies (e.g. GC-MS-based urinary 
metabolite analysis and/or the determination of protein adducts and DNA 
adducts). 
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5.3 
Possibilities for 
biological effect monitoring 
We are not aware of any published reports of the finding of DE-specific protein 
and/or DNA adducts in samples from workers occupationally exposed to DE. 
However, there are some investigators that have positively identified the 
presence of Hb adducts in human blood samples derived from compounds very 
similar to compounds present in DE or metabolites of these compounds. There 
are also several reports of quantitation by GC-MS of Hb adducts of 3- and 4-
aminobiphenyl in blood samples from both smoking and nonsmoking subjects1'3. 
In experimental animal studies Hb and DNA adducts have been detected after 
inhalation of DE or exposure to compounds that have been identified as 
constituents of DE (see Chapter 4). The determination of adducts formed by 
covalent binding of nitro-РАН to macromolecules is promissing because recently 
obtained results suggest that this kind of adducts can be detected in humans 
(dr. H.-G. Neumann, pers comm). This may be an approach for biologicial effect 
monitoring of adducts that are more or less specific for DE. 
In the present work the possibilities of developing methods for biological 
effect monitoring were explored using 2-NF and its metabolite 2-AF as model 
compounds. 2-NF has been identified as a constituent of DE and has been 
detected sporadically in the workplace atmosphere and in the ambient air (see 
section 2.1.). 
Chapter 4 describes the treatment of rats with 2-NF and 2-AF by gavage. 
Binding of 2-NF and 2-AF to Hb and DNA has been described for rats in several 
studies4"9. The objective of the present work was to elucidate the role of the 
intestinal microflora in the formation of Hb and DNA adducts. We have 
identified t w o features of the microflora that are suggested to play a role in the 
biotransformation of the compounds studied: nitroreducton and deconjugation. 
The nitroreduction capacity represented by several different bacterial species in 
the microflora is essential for the formation of Hb adducts in rats treated with 
2-NF (see section 4.2). Because in germfree rats Hb adducts could not be 
detected, nitroreduction is suggested to be also an important metabolic activity 
directing other forms of macromolecular binding such as DNA adduct formation. 
After treatment of rats equipped with a microflora dG-C8-AF was the major 
adduct formed. However, in germfree rats after intragastric 2-NF treatment, 
another as yet unidentified adduct was formed. Because this adduct was only 
observed in rats treated with 2-NF, this adduct was referred to as the '2-NF 
specific adduct' (see section 4.3). 
The possible role of activation of metabolites of 2-NF was observed when 
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urine samples of 2-NF-treated rats were incubated with ß-glucuronidase (see 
section 3.1). Deconjugation of urinary metabolites caused an increase in 
mutagenicity suggesting that if similar metabolites would be hydrolyzed by the 
microflora, mutagenic aglycones could be formed. This was confirmed by the 
study described in section 4.3: the results obtained in these experiments 
suggest significantly enhanced macromolecular binding in the intestine in HM 
and RM rats compared to GF rats. 
In the metabolism of 2-AF the intestinal microflora also played an important 
role in directing macromolecular binding. A divergence in the rate of Hb and 
DNA adduct formation was observed when comparing 2-AF metabolism in 
germfree rats to animals equipped with a microflora. Hydrolysis of conjugates 
and enterohepatic recirculation of 2-AF and /V-OH-2AF were suggested to be 
determinants of Hb adduct formation. In the formation of DNA adducts the 
results of our experiments suggest that the intestinal metabolic activation in the 
presence of a microflora causes substantial macromolecular binding in the 
intestine itself, thereby causing lower DNA adduct formation in other tissues. 
The divergence observed in the formation of Hb and DNA adducts when 
comparing conventional rats with GF rats does not rule out the possibility of 
parallellism of dose response relationships of DNA and Hb adduct formation 
when studied in a population that is homogeneous with reference to the 
metabolic activity of the intestinal content (such as observed by Neumann and 
co-workers10"11. However, the results of the present study suggest that the 
metabolic activity of the microflora could be a source of interindividual 
variability in the formation of Hb and DNA adducts. Because we did not 
investigate interindividual differences in intestinal metabolizing capacity we 
cannot estimate the consequences of such an effect. 
The possibilities for the development of a biological effect parameter based 
on the model compound, 2-NF, are limited because of the sporadic occurrence 
of this compound in DE-derived particles collected in workplace atmospheres 
(see section 2.1). Another disadvantage of the choice of 2-NF is the partition of 
this compound between the gas phase and the particulate phase. This does not 
facilitate the use of 2-NF as an indicator for DE-derived particles or as a marker 
of particle-associated toxicity. We suggest that 1-NP and 1-AP should be 
further studied for their binding to macromolecules. 
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5.4 
General conclusions 
1-NP has been positively identified and quantitated by GC-MS in samples of 
particulate matter collected at several workplaces associated with the use of 
different types of diesel-powered engines. 2-Nitrofluorene has been identified 
sporadically. 
1-NP can be used as an indicator for the mutagenic potency of DE particulate 
extracts derived from air samples collected from workplace atmospheres 
contaminated with DE. 
Specific strains of Salmonella typhimurium encoding overproduction of enzymes 
that convert nitroarenes into mutagens, may play an important role in 
environmental monitoring of toxicological relevant components in DE. 
Among different job catagories of railroad workers, differences were observed 
in exposure to airborne particulate matter and 1-NP. These data were consistent 
with differences observed in the results of biological monitoring using an 
immunoassay for the determination of metabolites derived from PAHs and their 
nitro derivatives. These results suggest that this immunoassay may be used for 
tracking down individuals that are relatively highly exposed to DE on the 
workplace. 
The microflora is an important factor in the biotransformation of nitroarenes 
that may direct DNA and hemoglobin adduct formation. Results from 
experiments with rats suggest that changes in the bacterial metabolic capacity 
of the microflora may have different effects on covalent binding to DNA on the 
one hand and to hemoglobin on the other. 
225 

Summary 
Monitoring of occupational exposure to diesel exhaust 
Exposure to diesel exhaust is classified as a carcinogenic risk factor. Chronic 
inhalation studies in rodents have shown that the particulate phase and not the 
gas phase can be primarily held responsible for tumor induction. These results 
are confirmed by a limited number of studies that report on an increased lung 
cancer rate among workers exposed to diesel exhaust. At present a biological 
basis for the carcinogenic action of diesel exhaust is being discussed. Different 
mechanisms have been suggested (Chapter 1). The organics adsorbed onto the 
soot particles have genotoxic properties and induced DNA adducts in rodents 
exposed to diluted diesel exhaust. The soot core itself may also exert 
carcinogenic activity. The underlying mechanism may be related to the 
particulate surface. Recently, much attention was given to a mechanism based 
on the combined action of the soot core and adsorbed organics, eventually 
leading to neoplastic changes in the lung tissue. 
At present accurate and specific methods for occupational exposure 
monitoring of diesel exhaust are not available. Therefore, a study was 
conducted to develop procedures for the determination of exposure to exhaust 
derived from diesel engines that are used on the workplace. Three approaches 
were followed: environmental monitoring, biological monitoring and biological 
effect monitoring. 
The method developed to be used in environmental monitoring is based on 
the chemical analysis of extracts of diesel soot particles (Chapter 2). Because 
the carcinogenic potential of DE is associated with the particulate fraction of 
the exhaust mixture, a group of particle-associated compounds was selected: 
the nitro derivatives of polycyclic aromatic hydrocarbons (nitro-PAHs). The 
appearance of these compounds is more or less specific for DE. They also 
represent a group of strong direct-acting mutagens. Two of the most abundant 
nitro-PAHs, 1-nitropyrene and 2-nitrofluorene, were selected as model 
compounds. Their merits as indicators for source apportionment and as markers 
for the genotoxic potency of the diesel exhaust-derived particles were studied. 
A procedure for the sensitive gas chromatographic-mass spectrometric 
determination of these compounds in low volume air samples was developed. 
At indoor and outdoor workplaces associated with the use of diesel-fueled 
engines air samples were collected. In the sample extracts the levels of 1-
nitropyrene and 2-nitrofluorene were determined and their mutagenicity was 
tested in an in vitro assay. Indoor use of fork lifts was associated with the 
highest ambient concentrations of 1-nitropyrene and mutagens. 1-Nitropyrene 
was identified in most of the particulate samples at levels 2 - 3 orders of 
magniture higher as compared to outdoor air levels. 2-Nitrofluorene was found 
sporadically. The 1 -nitropyrene content of the sample extracts was found to be 
positively associated with their mutagenic potency (r = 0.80 - 0.93, ρ < 
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0.0001). This suggests that the 1 -nitropyrene content can be used as a marker 
for the mutagenic potency of diesel exhaust-derived particle extracts. 
A method for biological monitoring of the internal dose of diesel exhaust-
derived constituents was developed (Chapter 3). This method was based on the 
analysis of urine samples. An immunochemical assay (a competitive ELISA) for 
the determination of metabolites of PAHs and their nitro-derivatives was used. 
In this immunoassay an antibody with a high affinity to a metabolite of 1-
nitropyrene, 1-aminopyrene, was used. A work-up procedure was developed to 
obtain an optimum response of the immunoassay to metabolites of 1-
nitropyrene. However, crossreactivity testing showed that a contribution to the 
inhibition of antibody binding of other constituents, structurally related to 1-
aminopyrene, could not be ruled out. In a preliminary validation study among 
railroad workers a significantly enhanced outcome of the immunoassay was 
associated with relatively high exposure to 1-nitropyrene. The daily average 
excreted level of urinary metabolites was also associated with the breathing 
zone exposure to inhalable suspended particulate matter of the previous 
workday (p < 0 . 0 0 0 1 ; η = 20). Only minor interference from smoking was 
observed. 
In order to explore possibilities for biological effect monitoring of exposure to 
diesel exhaust the covalent binding of nitro-PAHs to hemoglobin and DNA was 
investigated (Chapter 4). 2-Nitrofluorene was used as a model compound. Rats 
were exposed to 2-nitrofluorene or 2-aminofluorene to investigate the role of 
the intestinal bacteria on biotransformation and macromolecular binding of 2-
nitrofluorene. Two metabolic activities of the microflora were suggested: 
nitroreduction and the hydrolysis of conjugated products. The microflora proved 
to be an important factor in directing the extent of adduct formation 
(hemoglobin and DNA) and the identity of the adducts (only DNA). Comparison 
of adduct formation in germfree rats and in animals with a conventional or a 
human microflora suggested differences in metabolic activation pathways 
leading to either hemoglobin or DNA adduct formation. These differences are 
presumably related to metabolic activity of the intestinal microflora such as 
nitroreduction and hydrolysis of conjugates but could (in part) also represent 
physiological variables linked to the presence of a microflora. 
The use of 1-nitropyrene in environmental monitoring offers good prospects 
for the identification of workplaces associated with high exposure to diesel 
exhaust. Beside using 1-nitropyrene as a marker for source apportionment this 
compound may also be used as an indicator for the particle-associated 
mutagenic potency of diesel exhaust. The detection of urinary metabolites by 
an immunoassay offers opportunities for tracking down individuals that are 
highly exposed to diesel exhaust, although more specific analytical chemical 
methods will be needed to reconfirm the identity of the metabolites. 
Macromolecular binding of diesel exhaust components and/or their metabolites 
may be used as a basis for the development of biological effect monitoring 
procedures. In that case more accurate estimations of the bioactive body 
burden of diesel exhaust-derived constituents can be made. These methods 
may be used for more accurate (internal) exposure assessment and in the 
future possibly also for risk assessment. 
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Samenvatting 
Monitoring van beroepsmatige blootstelling aan 
dieselmotoremissies 
Tijdens verbrandingsprocessen ontstaan stoffen die schadelijk kunnen zijn voor 
de gezondheid. Bekende verbrandingsprodukten uit het dagelijks leven zijn 
tabaksrook, uitlaatgassen en rook die vrijkomt bij open-haardvuur. In onderzoek 
met proefdieren is vastgesteld dat als gevolg van het inademen van deze 
verbrandingsprodukten kanker kan ontstaan. Dat het roken van sigaretten bij de 
mens longkanker kan veroorzaken is inmiddels bewezen. Voor wat betreft 
andere verbrandingsprodukten zijn er sterke aanwijzingen dat ze ook voor de 
mens kankerverwekkende eigenschappen bezitten. Stoffen die hierbij mogelijk 
een belangrijke rol spelen zijn de polycyclische aromatische koolwaterstoffen 
(PAK's). 
In dit proefschrift wordt verslag gedaan van een onderzoek naar die 
componenten in dieseluitlaatgassen die mogelijk belangrijk zijn voor het 
ontstaan van kanker bij personen die in hun beroep met de uitlaatgassen van 
dieselmotoren in contact komen, zoals bijvoorbeeld wegen- en tunnelbouwers, 
parkeergaragehouders, vorkheftruckchauffeurs, etc. 
Meetmethodes die gebruikt worden om het vóórkomen van deze 
componenten in het (arbeids)milieu te onderzoeken worden gerekend tot de 
zogenaamde omgevingsmonitoring. Het doel van het onderzoek was het 
ontwikkelen van een meetmethode voor dieseluitlaatgassen. Daarnaast is 
onderzoek gedaan naar meetmethodes waarbij componenten in het lichaam 
worden gemeten (biologische monitoring). Een afgeleide hiervan is de 
biologische effect monitoring. Hierbij wordt vooral gekeken naar de effecten die 
stoffen in het lichaam teweeg kunnen brengen. Dit hoeven niet persé 
schadelijke effecten te zijn. In dit proefschrift zijn voor ieder van de hierboven 
genoemde categorieën meetmethodes beschreven. 
De omgevingsmonitoring van dieselmotoremissies is gebaseerd op de meting 
van een component die als onvolledig verbrandingsprodukt vóórkomt, gebonden 
aan de dieselroetdeeltjes. Deze component wordt gevormd na reactie van 
stikstofoxiden met één van de PAK's (pyreen). Deze component wordt 
aangeduid als 1-nitropyreen (1-NP). Het ontstaan van 1-NP hangt samen met de 
kenmerkende verbrandingskondities in de dieselmotor. Deze verbinding wordt 
niet gevonden in sigarettenrook. De aanwezigheid van deze component in de 
werkplek-atmosfeer duidt op het vrijkomen van dieseluitlaatgassen. Daarnaast is 
het 1-NP gehalte evenredig met een bepaald aspect van de giftigheid van 
dieseluitlaatgassen, de mutageniteit. Hieronder wordt verstaan: het vermogen 
om erfelijk materiaal te veranderen. Dit wordt beschouwd als een eerste stap in 
een opeenvolging van veranderingen waardoor een lichaamscel kan veranderen 
in een kankercel. Blootstelling aan stoffen met deze eigenschappen leidt echter 
lang niet altijd tot schadelijke effecten aangezien het lichaam goed in staat is 
schade aan het erfelijk materiaal te herstellen. Opname van mutagenen uit het 
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milieu (door inademing, inslikken of via de huid) wordt wel gezien als een 
(extra) risicofactor voor het ontstaan van kanker. Door het meten van 1-NP is 
het mogelijk, zelfs binnen afzienbare tijd, schattingen te maken van het aandeel 
dat dieselroetdeeltjes hebben aan de luchtverontreiniging op de werkplek. 
Daarnaast geeft het gehalte 1-NP in deze verontreiniging een indruk van de 
mutagene eigenschappen van het stof. Deze informatie kan een rol spelen bij 
het beoordelen van de noodzaak om maatregelen te nemen die leiden tot 
reductie van de blootstelling aan dieselmotoren. 
Biologische monitoring van de blootstelling aan dieseluitlaatgassen is gericht 
op meting van de hoeveelheid uitlaatgascomponenten die in het lichaam kunnen 
binnendringen. De methode die voor dieseluitlaatgassen werd ontwikkeld is 
gebaseerd op het meten van componenten in urine met behulp van een 
immunoassay. Dit is een test waarbij een antilichaam wordt gebruikt. 
Antilichamen maken deel uit van het afweermechanisme dat het lichaam 
beschermt tegen invloeden van buiten. In de immunoassay wordt het vermogen 
van antilichamen om stoffen te herkennen gebruikt om componenten van 
dieselmotoremissies (of hun stofwisselingsprodukten) te meten. Deze methode 
is getest door urinemonsters te verzamelen bij personen die zijn blootgesteld 
aan de uitlaatgassen van dieseltreinmotoren. Hoge niveaus van luchtveront-
reiniging en 1-NP bleken samen te vallen met hoge uitkomsten in het urine-
onderzoek. In deze studie zijn aanwijzingen gevonden waaruit blijkt dat stoffen 
die gebonden aan roetdeeltjes voorkomen, na opname slechts langzaam worden 
uitgescheiden in de urine. Dit is een belangrijke vaststelling omdat gifstoffen 
meer schade kunnen aanrichten naarmate ze langer in het lichaam verblijven. 
In de biologische effect monitoring wordt gezocht naar stoffen die binden aan 
lichaamseigen moleculen. Uitkomsten van dergelijke metingen geven niet alleen 
inzicht in de hoeveelheid stof die in het lichaam aanwezig is maar ook in de 
effecten die ze teweeg kunnen brengen. Componenten van dieseluitlaatgassen 
bleken te binden aan hemoglobine (een eiwit dat in het bloed zuurstof 
transporteert) en aan DNA (een molecuul waarin de erfelijke eigenschappen zijn 
vastgelegd). Bacteriën die vóórkomen in de darmen (de darmflora) blijken een 
belangrijke rol te spelen bij het ontstaan van deze bindingsprodukten. Dit werd 
onderzocht door ratten die geen darmflora hebben (zg. kiemvrije dieren) uit te 
rusten met een humane darmflora. Door vergelijking van de onderzoeks-
resultaten van proeven uitgevoerd in ratten mét darmflora en kiemvrije ratten 
werd informatie verkregen over de stofwisseling van de dieselroetcomponenten. 
Uit dit onderzoek blijkt dat de darmflora zowel de mate van binding als het type 
bindingsprodukten aan hemoglobine en DNA bepalen. Dit betekent dat de 
bacteriën in de darm, een rol zouden kunnen spelen bij de giftigheid van stoffen 
die voorkomen in dieseluitlaatgassen. 
Het onderzoek dat in dit proefschrift is beschreven heeft een bijdrage 
geleverd aan de ontwikkeling van meetmethodes in de omgevingsmonitoring, 
biologische monitoring en biologische effect monitoring van dieselmotor-
emissies. Deze methodes kunnen in de toekomst gebruikt worden bij de 
verbetering van de arbeidsomstandigheden bij het werken met 
dieselaangedreven voertuigen. 
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Dankwoord 
Het vermelden van één naam op de kaft van dit proefschrift zou een verkeerde 
indruk kunnen wekken. Bijna op de "achterkant" van dit proefschrift is er dan 
nog ruimte om een aantal namen te noemen van personen die een bijdrage 
hebben geleverd aan het onderzoek, aan het tot stand komen van tal van 
publikaties en tenslotte, aan dit boekje. 
Rob Bos heeft zich als projektleider van het onderzoek enorm ingezet voor de 
kwaliteit van het eindresultaat. Door zowel de rode draad te volgen als je te 
verdiepen in details heb je steeds de (optimale) ondersteuning gegeven waar-
door voor tal van problemen een oplossing werd gevonden. Rob, we hebben 
veel gesproken over hoe de wetenschap in elkaar zit, maar ook vaak over hoe 
de samenleving of hoe de mens in elkaar zit. En als we daar niet uitkwamen 
gingen we maar fietsen en vogels kijken. Ik hoop dat we op de ingeslagen weg 
verder gaan. 
Jan Noordhoek was als promotor niet meteen bij het begin van het onderzoek 
betrokken, maar hij heeft zich in de loop van de tijd in het onderwerp verdiept 
en veel waardevol commentaar geleverd. Jan, ik hoop dat in de komende jaren 
de ideëen die we de laatste tijd samen besproken hebben, zullen uitmonden in 
continuïteit en vernieuwing in het onderzoek en onderwijs. 
Dick Velders heeft een zeer grote bijdrage geleverd aan het analytisch 
chemisch werk dat een belangrijke plaats inneemt in dit proefschrift. Dick, je 
plaatste altijd wel een kritische noot en door je realiteitszin heb je steeds de 
kwaliteit en de continuïteit in de chemische analyses gewaarborgd. De 
deskundigheid die je hebt opgedaan op dit gebied zal ook in het vervolg van dit 
onderzoek een belangrijke rol blijven spelen. Natuurlijk ook bedankt voor het 
opsporen van fouten in manuscripten van publikaties en de voorlaatste versie 
van dit proefschrift. 
Peter Fijneman was betrokken bij de bioassays die zijn uitgevoerd. Peter, als 
je handel net zo snel groeit als bakteriën in agar, dan zit het wel goed. Ik hoop 
je nog vaak te zien (in Cuijk?). 
Ook andere (oud-)medewerkers van de vakgroep bedank ik voor de prettige 
samenwerking. Frans Jongeneelen heeft tot zijn vertrek bij de vakgroep op veel 
momenten bijgedragen aan de discussies over het onderwerp van dit 
proefschrift. Met Paul Sessink en Joost van Rooij heb ik zowel in het onderzoek 
als tijdens de POT-cursussen met veel plezier opgetrokken. 
Graag wil ik Yvette van Bekkum en Marty Martens die al weer (bijna) een jaar 
werken aan hetzelfde onderwerkp succes wensen met het onderzoek aan deze 
inspirerende maar weerbarstige materie. Ik hoop dat jullie iets hebben aan mijn 
'verkenning'. Op veel terreinen moet het 'echte' werk nog beginnen. Hieraan 
wil ik de komende jaren graag een bijdrage leveren. 
Veel studenten en stagiaires hebben direkt of indirekt bijgedragen aan de 
behaalde onderzoeksresultaten. Daarom bedank ik Jolanda Willems, Marcel 
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Buster, Marjolein van der Made, Arianne de Lepper, Henk Thuis (Gezondheids-
wetenschappen) en Joyce Ouwerkerk, Sander van Vliet, Marcel Straetemans, 
Marty Martens en Katja van Eijndhoven (Scheikunde) en Marco van Kerkhoven 
(HLO), Hans van Rooyen, John Baeten, Romeo Ciolina, Etienne Berkers en 
Erwin Elders (MLO) voor hun enthousiaste bijdrage aan het onderzoek. 
In dit onderzoek was de medewerking van bedrijven waar met dieselmotoren 
gewerkt wordt heel belangrijk. De kontakten kwamen veelal tot stand via de 
arbeidshygiënisten en bedrijfsartsen. Zij introduceerden het onderzoek in de 
bedrijven en zorgden in veel gevallen voor de follow-up. Natuurlijk ben ik ook 
dank verschuldigd aan de medewerkers van de bedrijven die een bijdrage 
leverden aan de organisatie van het onderzoek of als deelnemer bereid waren 
mee te werken aan persoongebonden monsterneming en het verzamelen van 
urinemonsters. Jullie hebben het mogelijk gemaakt dat we konden beschikken 
over de gegevens waarop dit onderzoek voor een groot deel is gebaseerd. 
Bedankt voor jullie medewerking! 
Enkele medewerkers van het CDL waren zeer nauw betrokken bij het proef-
dieronderzoek. Jullie ondersteuning heeft het mogelijk gemaakt (vaak ingewik-
kelde) experimenten tot een goed einde te brengen. Annette Verleg, Theo van 
de Ing, Geert Poelen, Monique Bakker, Margo van den Brink en Joop Koopman 
bedankt voor jullie inzet, hulp en advies. 
Met veel plezier heb ik samengewerkt met Marie-José Steenwinkel, Joost van 
Delft en Rob Baan van TNO Voeding (Rijswijk). Jullie hebben een substantiële 
bijdrage geleverd aan het onderzoek en hebben op veel momenten constructief 
commentaar geleverd. Ik hoop dat onze gezamelijke bijdrage aan het EG-
onderzoek onze samenwerking ook in de toekomst nieuwe impulsen geeft. 
Prof. J . Cornelisse en K. van Haeringen van het Gorlaeus Laboratorium 
hebben een belangrijke bijdrage geleverd aan de synthese van metabolieten van 
1-nitropyreen. Bedankt voor jullie gastvrijheid en adviezen. 
Bij de Vakgroep Chemische Procestechnologie van de TU in Delft maakte ik 
kennis met onderzoekers die vanuit een geheel andere invalshoek 
geïnteresseerd waren in de dieselmotor. Zij waren mij steeds terwille om 
informatie en materiaal te leveren. John Neeft, Olaf van Pruissen (tegenwoordig 
Milieuchemie, IMW-TNO Delft) en Michiel Makkee bedankt! 
Ook in Nijmegen wordt onderzoek gedaan aan dieselmotoren. Bij toeval kwam 
ik in kontakt met Theo Brugman en Hans Termeulen van de Vakgroep Molecuul-
en Laserfysica. We hebben de afgelopen jaren steeds vaker in eikaars keuken 
gekeken. Het is interessant om ook eens anders naar (in) de motor te kijken. Ik 
hoop dat door onze gezamelijke inzet aangetoond zal worden dat samenwerking 
tussen de toxicologie en de fysica meer oplevert dan 'de som der delen'! 
Ook de medewerkers van het Instituut voor Wegtransportmiddelen van TNO 
hebben mij geholpen met technische kennis over metingen aan motoren en 
uitlaatgassen. Steeds waren zij bereid om materiaal te leveren voor chemisch 
analyses en toxicologisch onderzoek. Bedankt Peter Hendriksen, David Heaton, 
Rinie van Helden en Peter van Sloten. 
In de loop van het onderzoek is veel samengewerkt met de Centrale 
Vervoersdienst van de gemeente Nijmegen. Medewerkers van deze dienst en 
met name William Driessen, Michel Oude-Vrielink en de heer Vink hebben mij 
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een grote dienst bewezen door mij te informeren over het stadsvervoer en het 
onderhoud van busmaterieel. Jullie vormden in veel gevallen het bruggehoofd 
voor kontakten in de vervoerswereld. 
Peter Kerklaan, Flip Noordam en Henk Roelfzema (tegenwoordig WVS) en 
andere medewerkers van het Ministerie van Sociale Zaken en Werkgelegenheid 
hebben mijn verrichtingen de afgelopen jaren op de voet gevolgd en hebben 
tijdens de halfjaarlijkse besprekingen kritische geluiden laten horen die te maken 
hadden met de waarde van de uitkomsten van het onderzoek voor arbo-
deskundigen. Op deze plaats wil ik ook graag de leden van de OCB bedanken 
voor de begeleiding van het onderzoek. 
Voor de analyse van nitro-PAKs is samengewerkt met de Afdeling 
Analytische Chemie van IMW-TNO en de afdeling Instrumentele Analyse van 
het RIKILT-DLO. Met beide onderzoeksgroepen hoop ik in de toekomst verder 
samen te werken. Graag bedank ik Carola Heeremans, Ria Rhemrev 
(tegenwoordig Hogeschool Drenthe), Ed de Leer (IMW-TNO), Wim Traag en 
Bram Boekestein (RIKILT-DLO). 
Ir. R. Rijkeboer (IW-TNO) en ir. J . Kruithof (DAF) bedank ik voor het kritisch 
doornemen van hoofdstuk 1.2. 
Samen met Regina Eijkenboom (milieukunde), Astrid Schrijver 
(Gezondheidswetenschappen), Gerrit Alink (Vakgroep Toxicologie, LUW) en 
Henri Heussen (voorheen LUW, maar nu werkzaam bij de BGD in Harderwijk), 
heb ik een verkenning uitgevoerd naar eigenschappen van dieselroet die van 
deeltjesvormige luchtverontreiniging al bekend waren. De resultaten vallen 
buiten het bestek van dit proefschrift maar er zal op een andere manier 
bekendheid aan worden gegeven. Ik wil jullie graag bedanken voor jullie bijdrage 
die in de toekomst wellicht een meer projektmatige samenwerking tussen 
Wageningen en Nijmegen zal inluiden. 
For you, Karam El-Bayoumy, I write some lines to thank you for sharing with 
me your knowledge of so many years of work on that particular compound, 1-
nitropyrene. With your thorough studies you have inspired me and my 
colleagues to continue working on this compound. I hope we meet again soon 
to continue our collaboration. 
I would like to thank you, Regina Santella, for sending so many facsimiles to 
support my attempts to get the ELISA work. You have also supplied me with 
hybridoma supernatant, enough to carry out many years of work. I hope to 
keep in touch with you. 
Nikolien, hoewel je bijdrage niet in dit proefschrift kan worden gelezen ben je 
erbij betrokken geweest. Méér nog dan de inhoud van het onderzoek was je 
geïnteresseerd in de mensen die het uitvoerden. Zo heb je veel van hen die 
hierboven genoemd zijn, goed leren kennen. Hoewel we nu beiden een drukke 
tijd af kunnen sluiten hoeven we gelukkig nog niet op onze lauweren te rusten. 
Er wacht ons een nieuw uitdaging. 
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